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SECTION I

INTRODUCTION

Interf ace doping of dual dielectric charge storage cells of the IGFET

types was introduced by Kahng et al~ and Thornber et al2 in 1974. In this

method, a layer of metal , such as tungsten, usually less than a monolayer

thick , is placed between a thin silicon dioxide film (first dielectric),

which is grown to a thickness of the order of 100A thick on silicon, and an

alumina or silicon nitride film (second dielectric), which is of the order of

400A thick. This was followed by an aluminum film,-to make up the ?~ OS or

MNOS structure. It was established by Kahng et al that the dopants act as

trapping sites for charge injected from the silicon. Charge is injected into

these sites from the silicon under the influence of a high applied field.

Here the charge motion mechanism is by Fowler-Nordheim --tunneling, rather

than by direct tunneling, which is the mechanism which operates for the con-

ventional, thin oxide dual dielectric storage cells (Fig. I). The principal

differences between the conventional MNOS and the interface doped MNOS device

are :

1) The stored charge is separated from the silicon by a imich thicker

oxide film,

2) The stored charge resides principally at the dopant sites, and not

lOO-200A inside the nitride film, as it does in the conventional

NNOS.

-
• 3) The stored charged consists principally of “excess” electrons.

1D. Kahng, W. J. Sundburg, D. M. Boulin, and J. R. Ligenza, Bell System
• Technical Journa l, Vol. 53, 1974, p. 1723.

K. Thornber, D. Kahng, and C. T. Neppell, Bell System Technical Journal
Vol. 53, 1974, p. 1741.

1
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This has the following important consequences:

1) The stored charge is retained for very long times.

- 
- 

2) The cell is very insensitive to read-disturb .

3) Device degradation mechanisms associated~ with charge motion in the nitride

are less important.

4) The memory window, i.e., the separation between the two threshold voltages

corresponding to the two memory states, is predominantly-positive .

The charge retention in interface-doped- M~OS devices has been studied

extensively by Thornber et al
2. It was found by them that chcrge loss could

be accelerated at elevated temperatures and applied bias voltages; the ex-

trapolated charge retention was 500 years at 80°C. The charge decay mechan-

ism at temperatures between 150 to 300°c was found to be by activated con-

duction through the alumina to the gate electrode. -

In this previous work, emphasis was placed on tungsten as the interface

dopant and alumina as the second dielectric, although other dopants such as

• Pt, Ta, Zr, and silicon nitride as the second dielectric were also explored.

14 -‘A lower limit of the doping concentration of 10 cm and an upper limit of

5.1015 
cm

2 was identified . Device endurance toward write/erase cycling was

not reported. - -

The work reported here is an investigation of interface doping in both

n- and p-channel MOS devices. Specifically, we describe the use of ten

different interface dopant metals in MNOS memory varactors and transistors.

Included are the write/erase characteristics as a function of the dopant

concentration and oxide thickness, memory window as a function of dopant con-

centratian and oxide thickness, write speeds as a function of write pulse

width and amplitude, the charge retention as a function of doping

3
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concentration and oxide thickness , the endurance toward write/erase cycling.
- 

- 
radiation hardness toward total dose ionizing radiation , and yield assessment.

In the first phase of this investigation, only p—channe l devices were

fabricated and tested. In the second phase, the work was extended to n-

channel devices. However , the number of dopants in the second phase was

H limited to Pt, Cr, Ir and W. In addition, the total dose radiation hardness

of interface doped devices was investigated during the second phase . This

work involved the exposure of interface doped transistors, both memory and

stable gate, to increasing Co6° radiation levels at various bias voltages on

the gate. This work concentrated on p-channel transistors, although some

data on n-channel memory transistors were also obtained. Finally, a yield

assessment was made using simulated array processing to ascertain the effect

on yield due to interface doping .

Interface doped MNOS memory devices offer the potential for short write

and erase times, as w~1l as very long retention. From circuit considerations,

it is desirable that the memory transistor always be in the “off” or non-

conducting state, to avoid the necessity of an additional transistor for each

memory cell. Since the interface doped memory device tends to store “excess”

electrons rather than holes, it follows that the memory window, which is the

separation between the threshold voltages corresponding to the two binary

memory states , is predominantly positive , the center voltage being typically

+5V. It is consequently the n-channel device which has the memory window pre-

dominantly in the non-conducting (positive) gate potential region , thus giv-

ing larger memory windows. In the second phase of this work , all fabrication

and testing was shifted to n-channel devices.

The endurance of all devices fabricated in this program, p- or n-channel

did not exceed 10~ write/erase cycles. Therefore , attempts to fabricate RAM

devices were dropped .

~ 
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SECTION II

• APPROACH

• A survey of the various dopants and oxide thicknesses was made during

the first phase of this work using p—channel varactors. In order to survey

as many dopant concentrations and oxide thicknesses as quickly as possible

and without interference from processing artifacts, a large number of varactor

cells of varying concentrations and oxide thicknesses were prepared on a

single silicon wafer. This was accomplished by preparing 5 to 6 oxide

• stripes across the wafer of increasing thickness (usually from 50 to I4QA) by

alternate thermal growth and subsequent partial removal of the oxide film by

etching. This gives rise to a step pattern in the oxide thickness. The in-

terface dopant is now deposited in such a way that its concentration varies

from zero on one end of the wafer to a pre-determined level such as iol5 or

io16 cm 2 on the other , giving a wedge-like thickness distribution in between.

• The dopant concentration gradient is perpendicular to the oxide thickness

gradient, thus giving a full range of dopant concentrations with each oxide

thickness. In practice, this method is applicable if the variation in the

doping concentration does not greatly exceed one order of magnitude. As a

result, a concentration range of about one order of magnitude and six oxide

thicknesses can be evaluated on one wafer. This is illustrated in Fig. 2.

From this survey on p-channel varactors, a selection of the six mosc

promising dopants was made, as veil as the most suitable oxide thickness for

EAROM devices. Processing of both p-channel and n-channel transistors was

then limited to these dopants and thickness. The number of promising dopants

was still further limited for the fabrication of n-channel varactors and

transistors.

5 
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CONCENTRATION PROFILE
OF DOPED REGION

NO METAL DOPANT

Figure 2. Stepped Oxide Varactor Wafe r and

Evaporated Dopant Profile
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Acce lerated test methods were used wherever possible . Thus , to measure

charge retention after writing, high gate bias voltages were applied to

force an observable charge decay within several minutes. Extrapolation to

zero bias voltage gives the expected retention under real use conditions.

Since the endurances measured in this program have not exceeded ~~ cyc les,

accelerated measurements have not been necessary. - -

- In order to properly assess the effect of interface doping, each-pro-

ceased wafer had a control region which was identical in all respects to the

rest -of the wafer except that it was not interface doped. In addition, -pro-

- cess control wafers were added at various stages to measure oxide and nitride

- thickness and the nitride refractive index.

_  
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SECTION III

INTERFACE-DOPED ~~OS DEVICE FABRICATION

In this section, the MNOS processes used to fabricate both p- and n—

channel interface doped varactors and transistors are described.

FABRiCATION OF P-CHANNEL DEVICES

P-channel devices were processed on 2 inch silicon wafers of (100)

orientation, having 3 to 8 A-cm n-type resistivity (phosphorus). Aluminum

gates are used.

The general )INOS fabrication sequence used for p-channel memory tran-

sistors , including stable gate transistors, is shown in Table 1. For var-

actors, steps 2 through 8, 12 through 14, and 17 are omitted. All these

steps are described below.

- TABLE 1

NNOS ~€NORY TRANS.LSTOR FABRICATION SEQUENCE -- PHASE I

Step No. Description

1 Initial cleaning

2 Wafe r oxidation

3 Source drain mask

4 Source drain predeposition

5 Source drain drive-in

6 Stable gate mask

7 Stable gate oxide

8 Memory gate mask

9 Memory gate oxidation

10 Interface doping

11 Nitride deposition

8
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Step No. Description (contd.)

12 Oxide deposition (Si02)

13 Contact mask (Si02)

14 Nitride oxide etch

15 Metal deposition

16 Interconnection mask

17 Interconnect ion sinter

(1) Initial cleaning

The initial cleaning process removes any surface contaminants that may

remain on the wafers in the as-received condition.

The silicon wafers are first ininersed in a 50/50 mixture of hydrofluoric

acid (HF) and deionized water. They are next rinsed with deionized water and

blown dry with nitrogen. In a quartz tube furnace at 1050°C, a thermal oxide

is grown on the wafers. With pure oxygen flowing at 1 cubic ft./hr., 30

minutes is sufficient to grow a layer l8OR thick. At this point, the dilute

hydrofluoric acid bath is repeated. The oxide layer and any trapped impurities

are stripped away. The cleaning step ends with a final rinse in deionized

water and drying with nitrogen.

(2) Wafer oxidation

Wafer oxidation occurs in two parts. First a layer of thermal oxide

llOO~ thick is grown on the wafers in the manner described in step 1. At

1050°C and an oxygen flow rate of I cubic ft/hr, three hours are needed.

Second, 5200k of Si02 are deposited on the wafers by chemical vapor de-

position in a silox reactor. The silox reactor is purged for 15 minutes with

line nitrogen. During this time, the heater block in the furnace is heated to

450°C. After the purge, the line nitrogen is turned off. Bottled nitrogen,

oxygen and silane (SiH4) diluated in argon flow through the reactor tube at

9
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the rates listed below:

Oxygen 0.211 liters/mm .

Nitrogen 0.066

5.4% SiH~ in Argon 0.45

After thus clearing the gas feed lines, the silane-in-argon is vented directly

to the exhaust, and the oxygen is turned of f .  At this time,the wafers are

inserted into the reactor. During a two-mi nul~ nitrogen purge , the wafers heat

to the reaction temperature. The furnace now automatically begins a deposition

run. Twelve minutes at the specified flow rates is sufficient to deposit

5200 of Si02. Thickness is determined by referring to a color/thickness table.

F The 6300 ~ (total thickness) of Si02 will act as a diffusion stop during

the source/drain diffusion .

One of the by-products of the silox reaction is water vapor. Because of

the harmful effect of water on photoresist, the wafers are baked for 30

minutes at 175°C in a nitrogen atmosphere prior to the next step.

(3) Source drain mask

The diffusion stop Si02 layer must be etched in this step to expose the

source drain regions of the wafers. Photoresist is spun on to the wafers at

5000 rpm with a photo-resist spinner. The resist is dried for 30 minutes in

a nitrogen atmosphere at 80°C. The source-drain mask is then aligned on the

wafers and the wafers are exposed to ultraviolet light. Resist developer is

now used to wash away the photoresist that was not exposed to the DV light at

the source and drain regions. The wafers are now baked for 30 minutes in a

nitrogen atmosphere at 175°C in preparation for the oxide etching step. The

etchant is composed of I part hydrofluoric acid and 9 parts NH
4F. Three

minutes are sufficient to remove the oxide above the source and drain without J
appreciable undercutting of the photoresist. After rinsing in deionized water,

10
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the remaining photoresist is removed in microstrip heated to 95°C (5 minutes)

and boiling deionized water (3 minutes). Finally, the wafers are cleaned in a

vapor degreaser with a solvent mixture of equal parts of isopropyl alcohol,

- 

• 
acetone and trichlorethylene and blown dry with nitrogen.

Periodic microscope checks are made during this step to insure correct

alignment and proper etching.

(4) Source drain predeposition

The ~-dopant which we use is boron. The wafers to be doped are arranged

vertically in a quartz rack, interspersed with wafers of boron nitride. The

rack is then inserted into a tube furnace (1000°C) with a nitrogen atmosphere

for 15 minutes. Boron is transferred to the silicon wafers, where a thin layer

of silicon at the source and drain regions becomes very highly doped.

(5) Source drain drive-in

Before the boron dopant is driven into the silicon surface, the silicon

dioxide and boron residing on wafer surfaces are stripped away in 50/50 HF.

The wafers are then inserted into the 1000°C tube furnace for 3 hours in oxygen.

The junction depth is about 1.5 microns. Simultaneously, 1100 2 of thermal

oxide are grown on the wafers .

(6) Stable gate mask

Fifty-two hundred 2 of SiO2 are again depcsited on top of the thermal oxide
layer. This oxide layer, which totals 6300 2, is masked and etched to give the
stable gate mask pattern.

(7) Stable gate oxidation

The stable gate oxide, which is 5002 thick, is a thermal oxide grown at

1000°C for 1% hrs with an oxygen flow of 1 cu. ft/hr.

- I (8) Memory gate mask

In the great majority of our devices, the stable gate oxide was not used .

II
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In these cases , the stable gate mask served to expose the memory region.

Those wafers which had stable gates , however , employed a memory gate mask

for the thinne r memory oxide .

(9) Memory gate oxide

The memory gate oxides ranged in thickness from 302 to 1342. They were

grown in a tube furnace at 1050°C. To more closely control the growth

process , the flow gas is 1% oxygen in argon . Figure 3 shows the relation-

ship between oxide thickness and time.

(9a) Memory gate oxide varactors used in survey phase

• For much of the initial surve y of interfacial dopants , varactors were

used instead of transistors because of their much more rapid producibility.

The use of varactors enables us to vary the gate oxide thickness within a

single wafer, further minimizing the effect of wafer-to-wafer differences ,

as illustrated in Fig. 2. It required oxidizing the wafers 6 separate times.

After each oxidation, the wafers were partly immersed in 50/50 HF aix! water

to remove -i portion of the oxide layer. For instance, after the first gate

oxidation , all but the leftmost strip of the wafer would remain. Table 2

contains the thickness vs. total oxidation time data for one particular six

step oxide run .

(10) Interface doping 
-

This important process step is covered in section IV.

(11) Nitride depositicn

Silicon nitride is deposited in an epitaxial reactor by the SLH4/N113
0 Freaction at a wafer temperature of 850 C. The reactor is first given a 10

minute nitrogen purge. During this time, the silane , a~~~nia and hydrogen

flow rates are set. The ratio of silane to anm~ nia is 1/1000. After the

purge , the wafers are inserted into the reactor and brought to temperature in

12 
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Figure 3. Oxide Thickness vs. Time for (100) Silicon
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Th.BLE 2

OXIDE GROWTH VS. TIME FOR T — 1050°C

17, 02 in Ar @ 3 cu.ft/hr.

Oxide Thickness Total Growth Time

118 2 57 minutes

100 38

88 29

83 20

61 11

38 2

- 
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the presence of the hydrogen flow gas . Fast write devices have a nitride

thickness in the neighborhood of 3002, and most slow write devices have 450

- 600 2 nitride layers. Deposition times are from 1/2 min.to 1 m m ,  long.

• (12) Oxide deposition (Si02)

• -1
-
~~ For a third time, 52002 of Si02 are deposited by the chemical vapor

method. This oxide will remain on the wafers as a fie ld oxide .

(13) Contact mask

This mask allows windows to be etched down to sources and drains , so that

j they can be contacted with aluminum, which will be deposited in a later step.

(14) Nitride oxide etch

The 52002 of oxide are first etched by immersing the wafers for three

nanutes in buffered HF (NH4F/HF :9/l) as described earlier. The photoresist

is removed and wafers cleaned , degreased and dried . The wafers are then

boiled for 45 minutes in phosphoric acid to etch the nitride layer.

(15) Metal deposition

An aluminum layer is deposited by electron beam evaporation. The wafers

are placed in a bell jar which is evacuated to 10 6 torr . An aluminum slug

is melted with an electron beam and the wafers are coated to a thickness of

1 to 1.5 j.m. The thickness is monitored by quartz crystals.

(16) Interconnection mask

Photoresist is patterned on the wafers as before, using the inter-

connection ma3k . The aluminum is etched in a solution of 76% phosphoric

- 
• acid , 157. acetic acid, 57. water , and 47. nitric acid heated to 45°C. Etching

time is 1 to 2 minutes. The photoresist is stripped and the wafers are

again bailed in deionized water and vapor degreaaed .

(17) Interconnection sinte r

Processed wafers are annealed at 500°C for 25 minutes in an annealing

15
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oven. Nitrogen and hydrogen are used at the following flow rates:

Nitrogen - 2 cubic ft/hr.

- 

• 
Hydrogen - 0.1 cubic ft/hr.

FABRICATION OF N-CHANNEL DEVICES

N-channel devices were processed on 2 inch silicon wafers of (100)

orientation, having 2 A-CW p-type resistivity (boron). Stable gate devices

possess polysilicon gates. All memory devices are aluminums gate.

The general MNOS fabrication sequence used for n-channel stable gate

and memory transistors is shown in Table 3. All steps are described below .

TABLE 3

n-MNOS STABLE GATE AND MEMORY TRANSISTOR FABRICATION SEQUENCE

Step No. Description

1 Initial cleaning

2 Surface doping

3 Wafer ox idation

4 Sour ce drain mask

- 
- 

5 Stable gate oxidation

6 Polys ilicon deposition

7 Polysilicon stable gate mask

8 Polys ilicon doping

9 Preferential etch

10 Source drain predepos ition

11 Source drain drive-in

12 Memory gate mask

13 Memory gate oxidation

14 - - -  interface. doping

15 Nitride deposition

16
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Step No. Description (contd)

16 Oxide deposition (Si02)

17 Contact mask (Si02)

18 Nitride oxide etch

19 Metal deposition

20 Interconnection mask

21 tnterronnection sinter

(1) Initial cleaning

The initial cleaning process is the same as that described on page 9

for p-MNOS device fabrication.

(2) Surface doping

The tendency of the surface of a lightly doped n-type wefer to invert

makes n-channel MOS transistors prone to become depletion devices. This can

be avoided by doping the surface of the wafer somewhat heavier with boron

than the interior of the wafer. In this way , enhancement devices are obtained

without adding greatly to the junction sidewall capacitance.

The p-type wafers used in the fabrication of n-channel MNOS devices in

this program have an initial sheet resistivity of about 80 ~~~~~~~~~~~~ Surface

doping by boron decreased this value to about 75 .n./L3. This results in en-

hancement devices with a threshold voltage of around 1.5 V.

Because of the heavier surface doping, and the associated higher defect

density compared to the undoped case , the re was a reduction of the mobility.

The mobility with surface doping is approximately 200 cm
2
/V-sec. Although

this is less than one-half that obtained without doping, it is a necessary

trade-off to obtain higher threshold voltages.

The 5 .n/Q decrease in sheet resistivity is achieved by arranging the

wafers vertically in a quartz rack , interspersed with wafers of boron nitride.

17 
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The rack is the n inserted into a tube furnace (1000°C) with a nitrogen atmos-

phere (0.5 cubic ft/hr) for 90 seconds.

• (3) Wafer oxidation

Wafer oxidation occurs in two parts . Approximately iooo2 of thermal

oxide (SiO2) are grown in a quartz tube furnace at 1050°C. Pure oxygen

flows through the furnace at 0.5 cubic ft/hr. Time required is 1.5 hrs.

Second , 52002 of Si02 are deposited on the wafers by chemical vapor

deposition in a silox reactor . This procedure is described on page 9 , step

2.

(4) Source-drain mask

The source-d rain regions for stable and memory devices are opened in

the iooo2 oxide layer deposited in the previous step. After baking the

wafers at ‘~~ 180°C , a negative photoresist is spun on to the wafers at 6000

rpm for 10 seconds with a phororesist spinner. The resist is dried for 20

minutes in a nitrogen atmosphere at 65°C. The source-drain mask is then

aligned on the wafers and the wafers are exposed to ultraviolet light (4

seconds) . Resist developer is now used to wash away the photoresist that was

not exposed to the UV light at the source and dra in regions . The wafers

are now baked for 20 minutes in a nitrogen atmosphere at 135°C in prepar-

ation for the oxide etching step . The etchant is composed of I part hydro—

fluoric acid and 9 parts NH4F. Three minutes are sufficient to remove the

ox ide above the source and drain without appreciable undercutting of the

photoresist. After rinsing in deionized ater, the remaining photoresist is

remo ved in microstrip heated to 95°C (5 minutes) and warm acetone (5 minutes).

Finally, the wafers are boiled in an isopropy l alcohol bath (10 mi nutes),

rinsed in deionized water , and blown dry with  nitrogen.

Periodic microscope checks are made during this step to insure correct

18
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alignment and proper etching. The source and drain contacts for the stable

gate devices are self-aligning, that is, the source and drain regions and

the gate region between them are etched simultaneously and, in later steps,

the polysilicon gates will act as masks during the doping step.

(5) Stab le gate oxidation

Another 10002 thick layer of thermal oxide is grown on the wafers in

the manner described in step (3). This layer will act as the stable gate

oxide.

(6) Polysilicon deposition

The polysilicon gate material is obtained through pyrolysis of dichloro-

silarte. This takes place in a hot wall furnace. The wafers are set on a

quartz rack, inserted into the reaction region and heated to 853°C. After a

5 minute nitrogen purge, 0.32 Qmin. of dichlorosilane (SiCI2
H) diluted in

40.t/tnin. of nitrogen is admitted. In 10 minutes, approximately 80002 of

polysilicon are deposited . Another short purge follows and wafers are

withd rawn.

(7) Polysilicon stable gate mask

The polysilicon gate regions are defined by depositing ‘~50OO2 of silox

on top of the polysilicon, patterning the oxide with a mask of the gate re-

gions and doping the surface of the exposed gates with boron. This selective

doping will permit a preferential etchant to remove the undoped polysilicon

in later steps. Silox is deposited as in step (3) and is patterned as in

step (4) .

(8) Polysilicon doping

The surface doping of the polysilicon with boron takes place as in step

(2) , but the predeposition time is increased to 7 minuteD. After predeposi-

tion, the silox is stripped in buffered hydrofluoric acid.

19 
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(9) Preferential etch

The undoped polysilicon is preferentially etched in 4N potassium -hy-

drox ide , heated to~ ’- 65°C. Etch time is typically 2 to 3 minutes . Wafers

are then rinsed in deionized water and then subjected to a buffered HF etch

during which the source-drain contacts are cleaned . A rinse in deionized

water is followed by a nitrogen blow dry.

(10) Source-drain predeposition

The n-dopant used is phosphorus . The wafers to be doped are arranged

vertically in a quartz rack, interspersed with PH3 wafers. The rack is then

inserted into a tube furnace (1000°C) wi th  a nitrogen atmosphere (0.5 cubic

- 
- f t / h r )  for 15 minutes. Phosphorus is transferred to the silicon wafers ,

whe re a thin layer of silicon at the source and drain regions becomes very

highly doped.

(11) Source drain drive in

The wafers are inserted into the 1000°C tube furnace for 1.5 hours .

Pure oxygen is admitted at 0.5 cubic ft/hr . As the phosphorus is driven

into the source and drain, 10002 of the thermal oxide am simultaneously

grown.

When the diffusion is complete , all the oxide is removed from the

wafers in buffe red HF acid . All that remains on the wafer surfaces are the

polysiticon gates and the gate oxide directly beneath them .

(12) Memory gate mask

As in step (3) , iooo2 of therma l oxide and ‘~~ 50002 of silox are deposited —

on the wafers . This oxide layer is then masked so as to reveal the gate

regions of the (aluminum gate) memory devices.

(13) Memory gate oxidation

The memory gate oxides ranged in thickness from 502 to 902 . They are

20
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grown in a tube furnace at 1050°C. To more closely control the growth process ,

the flow gas is 17. oxygen in argon . Figure 3 shows the re lationship between

oxide thickness and time.

(14) Interface doping

This important process step is covered in section IV.

(15) Nitride deposition -

Silicon nitride (S13N4
) is deposited via the pyrolysis of annm~nia

and dichlorosilane at 800°C in a hot wall reactor. The wafers are placed on

a quartz rack and inserted into the reaction region. After a 10 minute

nitrogen purge, 200 sccm of ammonia are admitted. The nitrogen carrier gas

flow rate is 50 tim. After one minute, 20 scciu of SiCI2
H are added to the

flow and nitride deposition takes place. Approximately 35OA are deposited

in 2.5 minutes. Ammonia flow is maintained for one minute after the SiC12
H

flow ceases. A 5 minute nitrogen purge follows and the wafers can then be

removed.

(16) Oxide deposition (Si02)

For a fourth time, 52002 of Si02 
are deposited by the chemical vapor

method . This oxide will remain on the wafers as a field oxide.

(17) Contact mask

This mask allows windows to be etched down to sources and drains, so

that they can ~e contacted with aluminum, 
which will be deposited in a

later step.

(18) Nitride oxide etch

The 52002 of oxide are first etched by inmersing the wafers for three

minutes in buffered HF (NH4F/HF:9/l) as d
escribed earlier. The photoresist

is removed and wafers cleaned , degreased and dried. The wafers are then

boiled for 30 minutes in phosphoric acid to etch the nitride layer. A

21
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deionized water rinse follows as doe s a nitrogen dry.

(19) Metal deposition

An aluminum layer is deposited by electron beam evaporation. The

wafers are placed in a bell jar which is evacuated to io
_ 6 

torr. An aluminum

slug is melted with an electron beam and the wafers are coated to a thickness

of 1 to 1.5 .Lm. The thickness is monitored by quartz crystals.

(20) Interconnection mask

-: Photoresist is patterned on the wafers as before , using the interconnec-

tion mask. The aluminum is etched in a solution of 767. phosphoric acid , 157,

acetic acid , 57. water, and 47. nitric acid heated to 45°C. Etching time is

1 to 2 minutes. The photoresist is stripped and the wafers are again boiled

in deionized water and varpor degreased.

(21) Interconnection sinter

Lastly, the wafers are annealed in nitrogen for 20 minutes at 450°C.

I
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- SECTION IV

INTERFACE DOPING

The interfacial doping step is carried out after the memory ga te ox idation.

In this section the selection of dopants, dopant concentration, and doping

conditions are given.

SELECTION OF DOPANTS

In the selection of dopants, the following criteria were applied :

S The vapor pressure of the element or its oxide must be negligible

at 850°C.

• The diffusion coefficient of the dopant at 850°C in SiO2 or Si3
N
4

must be low.

• The dopant must not be subject to ionic motion in Si02 or Si3N4

under bias temperature stress.

• The melting point of the deposited species must be above 900°C.

• Depositing reproducibly must not be too difficult.

These criteria eliminate the alkali and alkaline earth metals because of

their high ionic mobility, Au, Ag, and Cu, which have high diffusivities in

Si02, Zn, Cd, Hg, Ga, and In, because of high vapor pressures or low melting

points. Primarily the elements in group VII, I-VIIB, the rare earth elements

and perhaps Al remain. The reactivities of some of those elements are given

in Table 3. They fall into four classes, according to their oxide—free

energy of formation:

• Elements that will not oxidize on exposure to air (Ru, Rh, Pd, Os,

Ir and Pt).

• Elements that oxidize in air but can be readily reduced by hydrogen

at 850°C (V, Cr , ~~~~~ , W, Fe, Co, and Ni).

I
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• Elements that oxidize in air and are not reducible by hydrogen at

850°c (Nb and Ta).

• • Elements that react with Si02 to form the oxide, reduce the Si02
to form Si (Y, Ti, Zr , and La), and are not reducible by hydrogen

at 850°C.

TABLE 4

REACTIVITIES OF POTENT IAL DOPANTS

Element Group Oxidizes in Air Oxide Reducible Reduces Si02in 112 
____________

La III B Yes No Yes

Til Yes No Yes
I V B

zrJ Yes No Yes

V i  Yes Yes No

Nb~~ V B  Yes No No

TaJ Yes No No

Cr] Yes Yes No

~~~~ V I B  Yes Yes No

wj  Yes Yes No

Fe Yes Yes No

Co Y~s Yes No
-

~~~~ Ni Yes Yes No

Ru No - - - -
VII

Rh No -- --
Pd No -- --

- 

- 

Os No - - - -
Ir No -- --
Pt No -- --
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At least one metal was included from each of these classes for the in-

• itial survey phase. The metals in the fourth class will react to give a

• - layer of metal oxide. For the initial survey, the following elements were

selected: Ir, Pd, Pt, Nb, Ta, W, Mo, Cr, Ni, and Ti.

DOPANT CONCENTRA~TION

It is of interest to calculate the charge stored in a t’ClOS device to

give a threshold shift of AVT~ 
if the charge is located near the silicon/

insulator interface. This situation is given by:

Q C A V  
-

stored o T

where C0 
is the gate insulator capacitance. For = 10 volts, 

~stored
-10 2 9 21.6 x 10 C/cm , or about 10 electronic charges/cm

Kahng et al
1 have indicated that the effective doping range for tung-

sten in thick oxide MNOS devices was between io
14 

to 5~10
15
/cm

2
. There are

then 1o5 to io6 available dopant sites for each stored charge.

In the survey phase of this work, dopant concentrations ranged between

O and 5 x 10
16 cm 2. For the fabrication of transistors in the subsequent

phases of this work, dopant concentrations were kept in the io
14 to 5 x 1015

—2 .cm region.

DOPING CONDITIONS

Methods that have the potential of introducing precise amounts of

dopant are:

a. Vacuum deposition by evaporation or sputtering.

b. Adsorption of metal ions from solution.

c. Electroplating by current flow through the thin oxide.

25 
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d. Exposure to a gas bearing the dopant at high temperature or in

electrical discharge .

e. Growing the last portion of the oxide film in the presence of smell

additions of dopants to the flow gas.

f. Ion implantation.

Doping by vacuum deposition, sputtering, and adsorption from solution were

employed in this investigation.

VACUUM DEPOSITION OF METAL DOPANTS BY EVAPORATION

Vacuum deposition of the metal dopants is the most generally applicable

technique available. Evaporation by electron gun is readily controlled and

the use of quartz crystal monitors provides a reliable relative thickness

standard.

Figures 4 and 5 are schematics of the deposition equipment. Figure 4

indicates the relationship between the wafer holder, the Sloan 1800 electron

gun, the f lying shutter, and the two quartz crystal monitors. Figure 5

is a top view of the wafer holder. The open and closed shutter positions are

shown by the dotted lines.

The wafer holder has a capacity of four-two inch wafers. However, only

during the deposition of aluminum does it hold more than 2 wafers. During a

dopant evaporation only two wafers are placed at the points marked A and B

in Figure 5. The darkened areas indicate the position of shields used to

prevent deposition on those portions of the wafers. A small slug of the dopant

metal is placed in the electron gun and the system evacuated to below i0
5

torr. The shutter covers the wafers and the inner oscillator.

The dopant metal is slowly heated to its melting point by the magnetically

focused electron beam. The water cooled outer oscillator monitors the gradually

increasing rate of evaporation.

26
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• E-BEAM EVAPORATION METHOD OF iNTERFACE DOPING
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Figure 4. E-Beam Evaporation Method of Interface Doping
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Once this rate has stabilized at a predetermined leve l , the shutter

begins to open. If the rate of evaporation of a metal is high or a low

dopant concentration is desired , the shutter is set to turn through the 27

degrees necessary to expose the wafers complete ly in 1 second. For lower

evaporation rates , the shutter is allowed 5 seconds to rotate through this

angle . As the shutter opens, the inner oscillator measures the evaporated

metal thickness. By noting the oscillator frequency before the shutter

opens and after it closes again, we can calculate the amount of dopant on

those parts of the wafers exposed for the longest time.

When the wafers have been fully exposed (save for the shielded regions),

the shutter is released from motor control and swings shut instantly.

Table 4 shows the multipliers necessary to calculate dopant concen-

tration from the frequency change of the oscillator recorded during the

evaporation.

• TABLE S

MULTIPLIER S TO CALCULATE DOPANT CONCENTRAT ION

15 — 2
Dopant Maximum Dopant Concentration, x 10 cm

Tungsten 0.0717 x

Iridium 0.0686 x Af

Pallad ium 0.1236 x Af

Platinum 0.0674 xA f

Niobium 0.1416 x Af

Tantalum 0.0724 x Af

~~lybdenum 0.1369 x Af

Chromium 0.2536 x Af

Nickel 0.2252 x Af

Titanium 0.2740 x Af
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TUNGSTEN OXIDE EVAPORATION

Of the six most promising dopants, tungsten proved to be the most diff i-

cult one to deposit by electron beam evaporation. It was difficult to

maintain a constant rate of evaporation for the required length of time • As

a result, we investigated the possibility of evaporating tungsten trioxide

from a ribbon of the metal.

A tungsten ribbon of dimensions .003” x 3/8” x 5” is clamped between two

current leads from a step-down current transformer. The strip is oxidized

in air by passing a large current through it. By observing the colors on

the ribbon, the resulting oxide thickness can be controlled and is highly

• reproducible. The system is then evacuated and the oxide flashed off and

- 

- 
deposited on the wafers by resistance heating the strip.

DOPANT DEPOSITION BY SPUTTERING

Sputtering was carried out in a vacuum system filled with argon to a

pressure of 1.8.10
2 torr., after having been previously evacuated to io 6

torr . Sputtering targets were 6 in. in diameter, and the distance between

targets and substrates was 1.5 inches. A sputtering power of 50 watts was

used. This resulted in a deposition rate of 6 A/mm . Only Cr and Ni were

sputtered.

DOPANT DEPOSITION BY SOLUTION DOPING

Very dilute solutions (0.000J.8M) of Cr or Ni were prepared. From 1 to

3 cm3 of solution were then metered out and the solvent evaporated on the

wafer surface. The resulting dopant concentration was not uniform over the

wafer , however , the dopant concentration being higher at the wafer edges due

to the accumulation of solute at the edges where the solvent evaporated last.
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ANALYTICAL PROCEDURE S

- • When the dopant was evaporated , the deposited dopant concentration was

monitored by the frequency change of a- 4 MHz quartz crystal. The quartz

crystal, in turn, was calibrated in blank runs in which metal was deposited on

an oxidized Si wafer to a coverage of about 100 monolayers, which was accurately

determined by atomic absorption measurements. This was then compared to the

corresponding frequency change. The sensitivity of the quartz crystal used

was .0078 microgram/Hz.

When the dopant was sputtered , the dopant concentrations were determined

from the sputtering time at a sputtering voltage and current for which the

sputtering rate has been previously determined in blank experiments using

dopant thicknesses of 500 to 1000 A.

In experiments involving solution doping, very dilute (0.000l8M) solutions

of the dopants (Cr and Ni only) were prepared. From 1 to 3 cm
3 of solution

were then metered out and the solvent evaporated on the wafer surface. The

average dopant concentration was then calculated from the quantity of solute

contained in the solution, which was known to three significant figures.

Auger analysis of the wafer surface after dopant deposition clearly shows

the presence of the dopant. This is illustrated in Fig. 6 for tungsten. In

addition to the expected elements, a strong carbon peak is always visible ,

probably due to the long storage time before analysis. The Auger peak-to-peak

distance for the various W lines obtained for a number of W concentrations

corresponds reasonably well to the surface concentration calculated from the

quartz crystal frequency change. This is illustrated in Fig. 7 for tungsten 
—

as the dopant, for the tungsten lines corresponding to 160 and 1700 ev Auger

electron energy.
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AUGER SPECTRUM OF TUNGSTEN DOPED SURFACE
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Figure 6. Auger Spectrum of Tungsten Doped Surface
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TUNGSTEN AUGER PE AK AMPLITUDE vs. OUAR’Z CRYSTAL COVERAGE
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Figure 7. Tungsten Auger Peak Amplitude

vs. Quartz Crystal Coverage
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SECTION V

WRITE CHARACTERISTICS

WRITE MECHANISMS AND WRITE CURVES

The three mechanisms by which the threshold voltage in interface doped

MNOS devices can be changed are illustrated in Figure 8. First, charge can

be transferred through the thin oxide by a tunneling process (direct tunneling

if the oxide is thin, and F-N tunneling if thick). Application of a positive

write voltage on the gate will shift the threshold voltage in a positive direction

(forward shift). Second , charge can be transferred from the gate electrode

through the Si3N4 
to the storage sites , probably by Poole-Frmikel conduction.

Here, application of a positive voltage to the gate electrode shifts the

threshold voltage in a negative direction (reverse shift). Third, the threshold

voltage can change irreversibly due to effects associated with wear-out (lack

of endurance) which is caused by the prolonged application of a high write voltage

of either polarity, and is normally associated with the generation of a large

number of fast surface states.

The first mechanism is responsible for writing the two memory states. It

is essentially temperature independent. The second mechanism, which is strongly

temperature dependent, has not been found to be the predominant one in this

2investigation. Note , however , that Thornber et al have reported that the

second mechanism is important in determining retention.

To wr ite, a sufficiently high write voltage must be applied for a sufficient

length of time. The lower the write voltage , the longer the t ime required to

transfer the charge to the storage sites and change the threshold voltage .

This is schematically indicated in Fig. 9, where the expected threshold voltage

shif t  is shown as a function of the write pulse width for various write pulse

amplitudes (full lines) . The expected behavior i shown for initial memory

34 
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THRESHOLD VOLTAGE CHANGES
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Figure 8. Threshold Voltage Changes in Interface-Doped MNOS
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SCHEMATIC Of WRITE AND RETENTION CHARACTERISTICS
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Figure 9. Schematic of Write Characteristics
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states for which the threshold voltage is -l V and also + 10 V, and to which

a positive and negative write voltage is applied , respectively. When the

write voltage is first applied, the threshold voltage changes rapidly due to

the high field across the thin oxide. However, the threshold voltage must be

expected to saturate soon as more and more charge is stored at the dopant sites

and the field is reduced . The time at which the threshold voltage levels out

with time depends on the write pulse amplitude.

The write curves for negative applied write voltages are roughly mirror

images of those for positive applied voltage. The point at which the curves

for a particular write voltage -V~ and +V~, intersect is an indication of the

speed with which the device can be written. We have taken the time associated

with the intersection of the 30 V write curves to characterize the device write

speed. At the pulse width corresponding to the 30 V intersection, about half

of the saturation memory window is written for a 30 V pulse amplitude.

It is found experimentally that the spacings b on the log time axis,

between write characteristic curves expressed in decades of write time per

volt of write voltage are approximately equal in the range of voltages from 20

to 40 V, which were normally used for writing. Also, the slopes of the write

curves, expressed in volts of threshold voltage change per decade of applied

wr ite pulse time, are approximately equal for all write voltages of the same

polarity. The same is true for both polarities, except that the sign of the

slopes are changed.

WRITE CH&RACTERISTICS OF P-CIL~NNE L DEVICES

The schematic behavior indicated in Fig . 9 is actually followed quite

well for p-channel devices, as indicated in Fig. 10 where actual experimental

write curves are plotted for a chromium interface doped p-channel varactor

for write voltages of ± 25V to ± 40V and pulse widths between ~~~ and lOs.
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Figure 10. Write Characteristics of Chromium Doped p-channel
Varactors
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The write behavior of this device can be charac terized by a write slope of

1.8 V/dec, a spacing b between write curves of 0.43 dec/volt for positive

write voltages and -0.30 dec/volt for negative write voltages, and a “30 V

intersection” of 100 ~a, meaning tha t approximately a SV window can be written

at a 100 ~s write pulse width and a 30V write pulse amplitude.

It can also be seen from Fig. 10 that the threshold voltage does not

• saturate with pulse width, as predicted by Fig. 9, but goes through a maximum

and then decreases again. This is particularly true for write voltages in

excess of 25 V. For example, after a 100 sec write pulse, the threshold voltage

window characterizing the two memory states is smaller at V~ = 40 V than it is

at 30 V,and the window may, in fact, close down completely for very long

write times. Devices which have been written past the maximum threshold window

have sustained at least some permanent wear-out damage and cannot be fully re-

written. They act instead like devices which have been cyc led beyond their

endurance limit. This effect is always associated with an increase in the

surf ace state density. We have taken the maximum memory window achievable for

any write pulse width or amplitude (up to 40V) as the “saturation memory window.”

The saturation memory window of the device in Fig. 10, for instance, is from

+12.5 to -0.5, for a maximum window of 13 V , at V = + 40 V.
V —

Comparison with undoped devices

It is in the write characteristics where the beneficial role of inter-

face doping can be demonstrated best. Figure 11 illustrates the write char-

acterist~c curves of two devices which differed from each other only in that

one was doped with 1.1.10 15 
cm

2 
of Pt, and the other was undoped . (They

were adjacent on the same wafer.) Writing with both polarities gives the

curves shown in Fig. 11, starting fran the opposite saturated memory state .

It can be seen that the write curves are essentially identica l for the doped
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Figure 11. Write Characteristic Curves of Doped

and Undoped p-channel Devices
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and undoped devices when the write voltage is positive . However , for

negative write voltages , the undoped device needed much longer pulse widths

to bring about the same threshold voltage change which was obtained for much

shorter pulse widths in the doped device. Thus, a 1 ins pulse at -35V gives

the same threshold voltage change for the undoped device as a 0.1 ins pulse

at -20V for the doped device.

The differences in the write characteristics between a doped and undoped

device can be summarized as follows: 
-

a) The undoped device cannot eject negative stored charge from . the

interface back to the silicon as quickly as the doped device.

b) The negative write slope for the undoped device is only half that

of the doped devices.

c) The spacing between negat.ive write curves, _b
~
, for the undoped

device is only half that for the doped device.

Dependence of write speed on dopant concentration

It was generally found that the write speed increased with increasing

dopant concentration. This dependence is not strong, however, and is easily

clouded by even small differences in oxide and nitride thicknesses. In

addition, if the dopant diffused deeper into the oxide, due to exposure to a

longer or higher temperature wafer processing cycle after deposition, then

high write speeds can be observed even at relatively low concentrations.

Figure 12 shows the normally observed behavior. Here the 25 volt inter-

section is plotted as a function of the chromium dopant concentration for a

set of increasing oxide/nitride thicknesses. The write speed increases by

about two orders of magnitude for an increase in the doping by one order of

magnitude.
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SPEED DECREASES AS COMBINED OXIDE—NITR IDE TH ICKNESS INCREASES
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Figure 12. Cr Dopant Concentration vs. Time

of 25V Intersection for p-channel

Devices
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Dependence of write speed on oxide thickness

The oxide thickness has a strong influence on write speed. Although

this influence is again clouded somewhat by the varying degrees of diffusion

of the dopant in the oxide, the dependence of write speed on oxide thickness

is generally as shown in Fig. 13, which displays the dependence for fast-

write devices. An increase in the oxide thickness of 20A decreases the

write speed by about 3 orders of magnitude.

Temperature dependence

- 

- 
The temperature dependence of the write characteristics is small. This

is to be expected if writing occurs by charge transfer through the oxide by

F-N tunneling which is, to a first order approximation, temperature independent.

This is illustrated in Fig. 14, which shows the +25 V write characteristic

curve for platinum doped varactors at various temperatures between 25°C and

300°C. At 300°C, the second write mechanism discussed above is perhaps

coming into play, reducing the effective charge transferred by F-N tunneling,

and thus resulting in a small threshold voltage shift. The principal con-

clusion is , therefore , that the write mechanism is by F-N tunneling at least

up to 250°C.

WRITE CHARACTERISTICS OF N-CHANNEL DEVICE S

The write behavior of n-channel devices was quite analogous to that for

p-channel devices in all respects, except that the memory window is pre-

d”m~nantly in the non-conducting region of the transistor. This makes the

n-channel device more desirable for circuit applications.

This is illustrated in Fig. 15 and Fig. 16 for a W-doped and Pt-doped

n-channel varactor, respectively. Here the experimental write curves are

plotted for write voltages of ±20V to ±30V and pulse widths between 1 ~s and

10 ins. The write behavior of these devices can be characterized by write
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Figure 14. 25V Write Characteristic Curve at Ele vated

Temperatures
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Figure 15. Write Characteristics of Tungsten Doped N-Channel Varactors
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Figure 16. Write Characteristics of Platinum Doped N-Channel -Varactors
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spacings, and 30V intersections, just as the p-channel devices de-

scribed above (see Tables 6 and 7) . In particular , the 30V intersection is at

only a few microseconds, indicating fast write devices for that voltage.

Conversely, these devices can be written more slowly, namely in about 10 ms,

by using write voltages as low as 20V.

WRITE CHA RA CTERISTICS OF DEVICES DOPED BY SPUTTERING

Devices doped by sputtered Cr or Ni generally behaved similarly to those

doped by evaporation, with the possible exception that writing with negative

— write voltages was more difficult. This is illustrated in Fig. 17 for Ni

doped p-channel varactors, and in Fig. 18 for Cr doped varactors .

SUMMA RY OF WRITE CHARACTERS ISTICS FOR P- AND N-CHANNE L DEVICES

The write characteristics for Pt, W , Ni , Cr , Ir , and Pt doped devices

are sunmiarized in Table 6 for p-channel devices and Table 7 for n-channel

devices. It should be noted that there is a considerable degrees of simi-

larity between the write parameters for all dopants, concentrations, and

oxide thicknesses investigated. Thus, for p-channel devices, over the entire

dopant concentration (1014 
to 1016 cm 2

) and oxide thickness range (40 to

I4QA ) stud ied , and all of the dopants investigated, the write slope was

always 2.0 ± 0.5 V/dec , and the spacing bw was 0.40 ± 0.10 dec/volt with

only minor exceptions . The saturation (maximum) memory window was generally

around 1OV. Similarly, for n-channel devices, the write slope was always

3.0 ± 0.3 V/dec, and the spacing bw was 0.50 ± 0.10 dec/volt, again with only

minor exceptions. The saturation memory window was around 1OV for n-channel

devices, also.

The parameter which does differ the most between devices is the “30 V

intersection.” The shortest “30 V intersections” are obtained for the thin-

nest oxide films and the highest dopant concentrations. For p-channel
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TABLE 6

WRITE PARAMETERS FOR P-CHANNEL !€!4)RY DEVICES

0.95.1 writ. •~~~, 
-be , 

30 1
• 

~~ 2 ~~~ ~Nit • V/dec d.c/volt + V , 
~~~~~~~~~~ r..~

~~~~~ Trs.aistor m 10 cm & A V v volts 
~~~ 

s.c.

Chrasivo V 2.95 53 452 1.80 0.43 12.5 13.0 1.5 x 1O~~
V 2.95 134 452 1.80 0.43 8.8 9.1 1.1 x 10~~
V 8.6 33 452 1.70 0.43 10.4 10. 7 1.8 • 10 6

V 8.6 134 452 1.80 0.27 3.9 6.3 4.0 x
V 1.32 88 372 1.80 0.31 10.5 3.1 x
T 1.59 95 372 1.80 0.31 5.0 6.4 3.2 • 1O 6

T 1.1 43 263 1.45 0.43 3.8 5.8 8.0 . i0~~
° F

T 1.1 35 263 1.62 0.36 3.9 5.8 2.0 x l0~~ F
T 1.1 57 263 1.12 0.53 >4 .1  > 6.4 4.0 x 10~~~ F
T 4 .5 43 • 1.65 0.35 4.1 6.0 2.0 x io_9*

T 3.4 50 2.55 0.36 5.4 8.6 3.5 . 10~~~ F

- -~ T 4.1 57 2.0 0.37 4.6 6. 7 1.2 . io~~
T 1.59 85 372 1.8 0.31 5.0 6.4 3.2 . L0~~
T 0.81 1.5 0.36 4 .1 5.8 7 •

3.9 1.48 0.36 5.4 7 .1 1.4 x io.8

p1stt ~~~ V 0.51 70 432 1.95 0.31 8.0 11.0 4.0 . 10~~
V 0.42 113 432 1.95 0.35 8.5 11.5 8.0 a.
V 2 .28 10 452 1.95 0.41 10.0 13.0 5.6 • 10~~

- 
- 

V 2.10 134 432 1.95 0.34 9.6 12.1 4.0 a.
V 0.40 88 372 1.80 0.32 8.0 11.0 4.0 x 10~~
T 0.27 85 372 1.3 0.48 3.2 5.4 ‘.s • io 6

T 0 85 312 2 .27  0.33 5 .2  3.6 3.5 x 10~~
t 1.1 83 372 2.2 0.35 4.6 9.2 2.5 a. 10~~
T 0.98 85 372 1.8 0.32 3.0 6.2 2.0 a.
1 0.12 58 320 1.3 0.48 4.4 1.5 . lO~~~ F

Iridtvo V 0.081 53 468 2.6 0.33 9.0 9.6 4.5 - .
V 0.081 80 2.3 0.44 9.0 9.3 1.8 x 10~~
V 1.09 80 2.1 0.50 9.0 14 .0 1.1 • 10~~
V 0.49 53 2.2 0.30 6.8 7.8 1.0 x 10~~
V 0.21 58 320 1.6 0.48 6.2 4.0 a. 10~~ F

Tun$ lt .fl 0. 60 85 372 2 .2  0.32 5.5 6.7 2.0 • 10~~
V 0.55 63 450 1.3 0.43 8.0 9.0 8.0 • io

_ 2

V 2.52 63 1.25 0.45 7.0 7.5 1.0 a. 10~~
V 2.52 94 1.0 0.41 6.5 7 .3 2.0 x 10~~
V 0.363 85 468 2.8 0.32 8.8 9.8 2.0 • 10”

V 0.363 53 2.7 0.36 8.8 9.1 3.0 • 10~~

1803 1 1.79 84 280 1.12 0.40 4.6 9.5 6.0 a.

1803 V 1.94 58 320 0.9 0.92 7. 7 2.0 a.

P.l1.divo V 0.41 10 452 1.93 0.32 7.5 9.5 1.0 x 10~~
V 0.47 134 452 1.93 0.34 5.5 7.5 4.0 • 10~~
V 4.2 - 70 452 1.93 0.40 7.0 7.0 4.0 a. 10~~
V 4.2 134 432 1.75 0.33 4.0 4.0 1.0 a. io

_ 2

1 0.86 85 372 1.63 0.33 3.3 5.3 1.7 . ~o 5-
~ F

1 1.58 85 372 1.6 0.4 2. 4 4 .3  6.5 a.

Nickel V 0.266 53 468 2 .0 0.49 9.5 5.0 10~~
V 0.266 83 468 2 .6 0.464 8.0 10.0 4.0 a.
V 1.22 33 468 2.5 0.33 9.5 12.0 2 .0 •
V 1.22 85 468 3. 4 0.34 7.5 -

V 0.66 58 320 1.8 0.34 6.1 2.0 • 10~~ F

* Its. of 25 V inters ect ion in.tesd of 309 int.rs sct ion .
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TABLE 7

WRITE PARAIETERS FOR N-CHANNEL MEMORY DEVICES

Dopest Dop at Cooc . d0~, d.,1~0 Writs slope b,, + 30 volt

13 -2 v/~~ d.c/V Lntsrs.ct.
x 10 £ £ + v,, + l4•.c V

PittinaM 3.6 80 350 3.4 .45 8.8 40 9.1

2.2 3.1 .36 8 20 9.9

0.8 3.2 7.9 9J

0.8 64 3.2 .35 8.1 2 9.6

2.2 3.4 .41 9 8 11.2

3.6 2.5 .53 8.3 10 10.3

0.3 54 2.8 .49 8 1.1

0.7 3.3 .63 9.4 400 6.4

1.1 3.5 .55 7.8 300 6.2

1.1 80 2.8 .56 7 900 5.8

0.7 3.4 .57 8.1 300 7

0.3 4.1 .41 8.1 60 4.6

0.3 64 3.5 .36 8.5 200 3.6

0.7 2.7 .39 9.8 500 7.8

1.1 2.6 .53 8.2 500 7

2.7 85 312 6.6 1.1 9.2*

Irid i,s. 0.3 54 350 3 .39 10 150 2 .8

0.7 2.6 .52 10.4 480 5

1.1 3.6 .48 10.2 400 6

0.3 64 2.1 .52 9.4 80 3.4

0.7 3 .48 9.4 410 5

1.1 80 3 .49 6.6 130 4.6

a, 3~4 .47 8.8 800 4.8

0.3 2.6 .54 8.6 70 5.2

Tuopsien 1.4 85 312 1.7 .55 5.9 10 7.6

Chrooi, 4.1 85 312 2.2 .41 6.4 .6* 8

1.0 54 350 2.8 .49 8.2 800 1.7

1.7 54 2.7 .51 8.9 100 5.3

1.0 64 ‘ 3.0 .51 8.3 70 3.3

1.7 64 2 .2 .53 8.5 40 6.1

1. 7 80 2 .7 .38 7.4 100 4 .4

* 25V m t .

4
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Figure 17 . Write Characteristics of p-channel Varactors

Doped with Sputtered Nickel
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Figure 18. Write Characteristics of p-channel Varactors

Doped with Sputtered Chromium
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devices , the lowest value is 2 ’ l0~~ sec , obtained for a 48 A oxide film and

a Cr dopant level of 4.5.1015 cm 2
, and a 58 A oxide film and a W0

3 concen-

tration of 1.94.10 cm • For n-channel devices , the lowest value is 2 ~s,

obtained for a 64A oxide film and a platinum dopant concentration of 0.8 x

1015 cm 2
. For the thicker oxide films and lower dopant concentrations,

values as long as 100 msec have been obtained.

From Tables 6 and 7, it can be concluded that n-channel memory devices

increase their memory window more rapidly with time as the write pulse width

is increased, which is desirable. On the other hand, as the write voltage

is increased , the window in n-channel devices increases less rapidly than for

p-channel devices , for the same write pulse width. Overall, the two types

of devices are quite comparable in their write characteristics.
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SECTION VI

DOPANT CONCENTRATION DEPENDENCE OP MEMORY WINDOW

Dopants were selected in accordance to their reactivity with oxygen. One

metal , Ti, has an oxide more stable than Si02. Nb and Ta have oxides which are

not reducible by hydrogen, while Cr, Mo, W, and Ni have oxides which are reducible

by hydrogen. Three metals were chosen for their inertness toward oxidation:

Pd, Ir , and Pt.

We have investigated the saturation memory window for 10 different dopants, namely, 
-

Pt, W , Ni, Cr, Ir, Pd, Nb, Ta, Mo, and Ti at various dopant surface concen-

trations between 1014 to io
ló cm 2 and in the oxide thickness range from 40

- 
- to 140 A. Reasonably large saturation memory windows were obtained in this

range for six dopants: Pt, W, Ni, Cr , Ir and Pd.

The behavior displayed by Pt in Fig. 19 is somewhat typical for these

six dopants. The saturation memory window is located principally at positive

threshold voltages. The window tends to become smeller at dopant concentrations

lower than io14 cin~
2
, and in some cases, but not always, a closing trend

is observed beyond 10
15 cin~

2 . It should be noted that the oxide thickness

has relative ly little effect on the saturation memory window. The write

voltage required to achieve the saturation window is higher for the thicker

oxide devices , of course, but the maximum achievable window is not.

Behavior similar to Pt was found for W (Fig. 20), Ni (Fig. 21), Cr

(Fig. 22), Ir (Fig. 23), and Pd (Fig. 24). An especially detailed picture

was obtained for chromium at dopant concentrations between 1014 and 10
15 

cm
2
.

It was found that in this range, somewhat surprisingly, the thinner oxide

windows close faster with decreasing dopant concentration than the thicker

oxides.
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Figure 19. Platinum Saturation Memory Window
vs. Dopant Concentration, P-Channel

Varactor

55

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
_ _  _ _ _ _ _ _ _



- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~

l i p  i t 1  I I I I P I I I  I I I V I I I !

14 - SATURATION MEMORY WINDOW AS A FUNCTION OF..
- DOPANT CONCENTRATION FOR VARIOUS OXIDE -Li “ THICKNESSES

~~
IO
8-TuNGSTEN 

0 
-
-

LU e.. 0 0 0 -—.9--- 

~~

-10 - x— 116A -

I I I 1 1 1 1 1 1  I I I 1 1 1 1 1 1  I I I 1 1 1 1 1

IO ’~ 1014 1015 i016

DOPANT CONCENTRATION, cm 2

Figure 20. Tungsten Saturation Memory Window

vs. Dopant Concentration , P-Channel

Varactor
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These dopants give satisfactory memory windows for applications in

arrays . It should be noted that the center voltage of the window indicates

that they should be most useful as n-channel devices.

The effect of interface dopant concentration on the memory window for

~~o different oxide thicknesses was also investigated on n-channel varactors.

The dopants tested were chromium, platinum, and iridium. The saturation

memory window as a function of Ir, Pt and Cr dopant concentrations for a-

channel varactors is shown in Figs. 25, 26 and 27 , respectively. As was

observed for the p-channel devices above, the saturation memory window is

located principally at positive threshold voltages. The window tends to

become smaller at dopant concentrations lower than l0~~ cm
2 , but a closing

trend at higher concentrations has not been observed. The maximum achievable

window is independent of the oxide thickness in the range studied: -

The use of niobium, tantalum, and molybdenum did not lead to satis-

factory results. This is shown in Figs. 28, 29, and 30, respectively, in

which the memory window is plotted as a function of dopant concentration for

various oxide thicknesses. For niobium and molybdenum, the window was judged

to be too small to be useful over the range studied. For tantalum, the

additional problem was encountered that, for dopant concentrations above 5x

1014 cm 2
, Ta diffused through the Si02 to the silicon substrate, leading to

the disappearance of the ~~mory effect. This was also true for all concen-

trations of Ti used. It is thus concluded that the more reactive metals are

not suitable for memory application.
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Figure 25. Iridium Saturation Memory Window vs. Dopant

Concentration, N-Channel Varactoz-s

62

- — -~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

_
_ __ __ __ _

_
_ _ _  

- 
-

- - -
-I-- St - - - __ _ t_______



- 
- 

~~~~~~~~~~~~~~~~~~ ~ :~~ T2i-~T ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- - -_ ‘--
~~~~~~~ 

- -- ----

~~

- ---

~~~~~~~ 

_ _ _ _ _

SATURATION MEMORY WINDOW AS A FUNCTION
OF u -CHANNEL DOPANT CONCENTRATION

- 

.~~~~~~~~~~~~~~~~~ PLAT lN~~ , n~ MNO ~

- o 64A
o 8 O

0
= -

Cl)

L&I

— 

i 

~~~~~~~~~~~~~~~~~~~~~~~~~~ 
I I 1 1 1 1

IO~ 10 6
DOPANT CONCENTRATION , cm 2

Figure 26. Platinum Saturation Memory Window vs. Dopant

Concentration, N-Channel Varactors
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Figure 28. Niobium Memory Windows vs. Oxide Thickness,

P-Channel Varactors
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The dopant materials Pt, W, Ni , Cr, Ir and Pd are satisfactory for

memory applications because:

- the saturation window is at least 8V

- the saturation window is independent of dopant concentration over at

least a decade.

- there is minimum diffusion through the oxide

- there is no reaction with the oxide.
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SECTION VII

MEMORY RETENTI ON

After writing, the charge stored at the dopant sites tends to leak away

from the oxide nitride interface in order to decrease the field created by its

presence . Charge decay at the dopant sites can occur either by conduction

through the memory oxide back to the silicon (writing in the reverse direction)

or, by conduction through the silicon nitride to the aluminum.

En the conventional MNOS device, virtually all charge motion occurred

through a thin oxide layer via direct tunneling,and charge retention in traps

located in the nitride was relatively short. In the case of interface doped

NNOS devices, however, the time required for a measurable amount of charge to

decay is generally in excess o~ many months , even years. Fowler—Nordheim

back tunneling through the oxide is the dominant mechanism, the oxide is

generally thicker, and the dopant traps are deeper.

The high retention of the interface doped devices makes accelerated

charge decay tests necessary. Charge leakage through the nitride or oxide,

or both, can be accelerated by applying a gate bias voltage to increase the

electric field. Conduction through the nitride alone can be accelerated by

raising the temperature since it is an activated mechanism.

STORED CHARGE DECAY AS A FUNCTION OF TIME

In general, retention behavior parallels write behavior. It is character-

ized by a set of curves describing the decay of the threshold voltabe as a

function of time. The curves are linear on a log time plot over a considerable

portion of the memory window. The following parameters are used to describe

retention behavior. First there is the decay slope measured in volts/decade,

which is analogous to the write slope, and which describes the rate at which

the memory states change from one into the other with time for a specif ic

accelerating bias. A second parameter is the spacing between the linear regions
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of the characteristic curves, ~~ measured in decades of time per applied bias

voltage difference. Thus b
R 
is quite analogous to b

~
, the spacing between

the write characteristic curves described earlier. Retention is further

characterized by r la $ the extrapolated charge relaxation time for zero

applied bias. The retention time itself, tR~ 
is the time after writing when

memory is finally lost, i.e., the window is closed .

The procedure to estimate •Trelax~ 
the time beyond which noticeable charge

decay is observed , and also tR~ 
is as follows. After writing into a device

to give a certain threshold voltage shift, normally 6 to 10 volts, an acceler-

ating bias is applied to the gate. The bias is of a polarity opposite that of

the writing voltage. In most cases, the retention of the posi tive threshold

voltage state only was studied, since here the negative appl ied bias voltage

adds to the internal field in the oxide due to the electrons stored at the

interface. The positive memory state is then the most vulnerable to decay.

Under the applied bias, the threshold voltage decay is recorded as a

function of time. When a decay of approximately 5 V has been observed, the

measurement is repeated on a similar, neighboring device with a different bias

voltage . One such measurement will yield the decay slope, but two are necessary

to measure b
R
. This procedure is illustrated for a chromium doped p—channel

device in Fig. 31. The decay of the threshold voltage was followed for

bias voltages of -2l,V, -18 V and -16 V. It can be seen that Trelax moves

rapidly towards longer times as the bias voltage becomes smaller. Assuming

that b
R 
remains constant down to Vb 0, an extrapolated ‘T

~ lax 
(Vb = 0) is

obtained by displacing 1• lax (V
b 

= 16) to the right on the log time scale

by the amount 16 x b
R
. If it is also assumed that the decay slope is the

same between 0 and -21 V, tR 
can be estimated by drawing a line of the same

decay slope from T
1 

(V
b 

— 0) to the VT — 0 axis. The time marked by

that intersection is taken to be tRs
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i~ should be noted 
that several of the measurements in Fig. 31 were

carried out at 100°C instead of room temperature. These points coincide

with the room temperature measurements indicating that at 100°C activated

charge conduction through the nitride does not yet play a major role in

these devices.

Tables 8 and 9 summarize the retention parameters for p- and n-channel

devices, respectively. As was found for the write characteristics curves,

the decay slopes and spacings do not diff er greatly f rom device to device

over the range of dopants, concentrations, and oxide thicknesses investi-

gated. Thus, the decay slopes are of the order of 2V/dec for poorly retain-

ing devices and 1 V/dec for highly retaining ones. The spacing bR varies from

about 030 dec/volt for the less retentive devices to about 0.60 dec/volt for

the more retentive ones. By far the most sensitive parameter is

(V
b 

= 0), which has been found to vary over nearly 20 orders of magnitude

depending on doping and oxide thickness.

The retention behavior of n-channel interface doped devices is quite

analogous to that of p-channel devices. Figures 32 and 33 show the acceler-

ated decay of the more positive threshold state for iridium and platinum

doped n-channel varactors, respectively. It is seen that the retention can

also be characterized by a set of parallel decay curves displaced f rom each

other by the spacing b
R, 

and the intercepts Trelax (V
b 

= 0) and t
R

• In fact,

the values of the retention parameters are very similar for p- and n-channel

devices.

THE EFFECT OF OX IDE THICKNESS

Trelax (V
b 

0) for the chromium doped device described in Fig. 31 is

1.9 x l0~ seconds, or 60 years. This is not an uncommonly high value. Table
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Figure 32. Retention of Iridium Doped N-Channel Memory Device

73

___________________________________________ - - 
- .

••-~~- - .~~~ -
- - 

——--~——-~~
-—~ - -~~~~~~~~~~~ -~~~~~~- - - - - - ~~~~~~~~ -~~~~- •- =—



~w~-;-~~~--__ ~~~~~ ~~r- - 

~~~~~~~

-
. _ _ _ _  

- 
~~
-

BIAS RETENTION TESTS ON

~ 8~~ 
Pt DOPED n-MNOS VARACTORS

Cp5i 1.1 X 1015cm 2

dSI 3 NI35OA

BIAS

~ 5 — SLOPE ‘(.3 V/dec

= 

I 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

2- ’
0 I 10 102 IO~ IO~

DECAY TIME , SECONDS

Figure 33. Retention of Platinum Doped N-Channel

Memory Device

— — -- —



__ .~J.-~*. ~~~~~~~~~~~~ 

~~~~~~~~ ~
—-—

~~~~r 
-- 

~~~~~~~~~~~~~~~~~~~~~

0

TABLE 8

RETENTION PARAMETERS FOR THE SIX DOPANTS , P- CHANNE L DEVICES

Dop. ConG. b R , Rstsnt ion

________ 0 1015 c.~
2 

~~~~~~~ 
d.c/volt ~i~L~ec ~~~~~~~~~ 

%‘T initial

C r—i 8.6 53 0.18 2 . 1 3 x 101 Wv 3 .2  x 1O~
2.95 53 0.36 2.7 3.5 x 1O4 b y  4.2 x b0~
8.6 134 0.48 1.1 3.0 x 10~ 10%’ 5.7  x io 14

- -~ 
2.95 134 0.58 1.1 5.0 x 108 b y  • 4.7 x 10’~

Cr—2 0 .77 61 0 .62 1.2 1.O x ~o20 7v - 1.2 x 10~~
0.77 134 0.50 1.2 5.0 x IO~ 7v 3.2 x to14

Cr-14 in 5.2 36 - 1.18 8 x 101 
— 4V 

- 
4.0 x 1O~

—14 in 1.1 36 — 1.18 5.3 3.5V 5.0 x tO3

—13 in 1.1 50 0.45 1.13 8.7 x ~~~ 5.3V 4.0 x iotO

-15 in 5.4 50 0.45 1.4 1.O x 101 5.2V 4.6 0 1010

—14 out 5.2 43 - 1.0 8.5 x 101 5.4V 1.1  x io8

—14 Out 1.1 43 0.38 1.34 3.1 x tO3 5.15V 1.2 a 10~
-13 out 1.1 57 1.0 0.68 8.0 a to bo SZV 4.0 a to18

—13 out 5.4 57 1.0 - - 0.72 3.0 x tO9 5 .7%’ 4.1 x io17

w-17 1.4 59 0.15 3.8 8.3 a to2 6.SV 4 . O x  - -

0.23 59 0 .13 3.8 3.2 a 6.SV 1.7 a 10~ - -

W- 39 0.55 63 0.60 1.0 3 .1  a io12 6.OV 1.0 a io18
.

2.5 63 0 .34 1.8 7.6 ~ 106 6.0%’ 6.30 IO ~ -
.

0.77 103 0.703 1.3 2.7 a 1011 6.OV 4 .5 a io21

2.5 103 0.46 2.1 6.3 a 10~ 6.Ôv 6 .3 a

W-40 0.22 85 0.725 1.1 2.0 a io” 37v 8.8 x ~~
t9

-44 in 1.08 68 0.59 2.34 2.0 x 1O9 8.OV 3.0 a io 13

—45 in 2.8 68 0.775 1.1 6.0 a io14 
8.2V 1.1 x io

2O

-47 1.8 84 0.47 0.9 1.7 x bO~ 5.OSv 2.2 a 1012

-48 1.94 72 0.83 1.0 6.O x 1011 6.4V 2.9 0 1013

1.94 58 0.64 1.27 4.8 x to8 6.35V 7.8 a

lr-2 0.081 53 0.30 1.9 2.5 x 10~ 8V 4.0 a to8

0.081 80 0.67 1.1 2.3 a 1o12 8v i.p ~ io’9

Ic-b 1.09 80 0.39 1.6 1.8 a to6 8%’ 6.0 x 1011

1.09 53 - 1.7 5 a io
_2 

8%’ 2.0 x tO3

lr— 7 0.15 72 0.73 0.88 6.8 a 4.85V 6.3 a iot2

0.15 58 0.63 0.65 1.4 a io6 4.05V 1.2 a 101*

Ni—4 0.266 53 0.31 1.3 1.7 a 10~ 8%’ 1.7 x 1011
1.22 53 0.35 1.6 2.1 x IO~ 8V 2.1 a 1O~
0.266 85 0.77 0.1 1.3 a 1010 8v 1.0 a iot9

1.22 85 0.91 0.8 1.2 a jo12 8V - 1.0 a 1021

Ni-lO 2.37 72 0 .75 0.94 9.O a 10~ 4.7V 7 . 3 0 1 0 12

0.53 58 0.88 0.63 5.8 a io8 4.05%’ 1.2 a io15

Pd—i 1.83 70 0.16 2.1 1.0 a 1o2 7.5V 1.0 a to6

3.5 70 0.41 1.6 5.0 0 I03 7.5V 1.0 0 108

1.83 100 0.26 1.3 1.6 a ~~ 4%’ 1.6 a io8

•• 3.5 100 0.33 0.73 6.0 0 1O5 4V 6.0 a tO9

P1—10 0.37 61 0.33 1.71 3.0 a 1O3 lv 3.0 a 10~
0.31 88 0.86 0.80 2.4 a 1012 

7%’ 2.0 a 1o2°
1.94 70 0.69 0.90 6.3 a 1011 7V 1.0 a 1018

1.94 100 0.37 1.11 3.3 a tO9 7v 3.5 a 10’s
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- ‘tABLE 9

RETENTION PARA)~ TERS FOR THREE DOPANTS, N-CHI[NNEL DEVICES 
- . -

Dopanr Dopant 000c . d . b8. DScay Rstsntion 
- 

- - -

a to15 c• 2 F d.c/v ~~~~~~~~~~~ VT iIILtLab~ ~~~ ‘Sc

Pt 0.7 64 .5 1.3 6 a 1011 9.1 8 a LO 17

0.3 .33 1.2 3 a 10’ 9.3 4 a 1O~~ 
-

1.1 .66 0.9 2.5 a io t3 
8.5 6 a io22

0.7 80 .45 1.4 2.1 a 1010 8 6 a lotó

1.1 .33 1.3 1 a io 13 7.8 2.2 a io18

0.3 .48 1,2 1.7 a 1O~ 8.6 2 a iot6

2. 7 85 ,3 1.3 8 a 5.8 2.l a 1O~~
0.2 0i72 0 .65 8.3 a ~~ - 5.7 1 -a 1011

Ic 0.7 80 .65 0.7 1 a to13 8 1 a to24

0.3 .61 0.75 2 a to10 9 
- 

8 a tO2o - 
-

1.1 “ 0.75 3 a io t8 
- 7 .6 - 6 - a io2~~

0.? 64 .61 0.8 2.5 a to12 8.8 6 a 1022 
-

0.3 I• .4 1.2 8 a io
6 ‘ 

10.3 x t0~~

.5 0.6 3 a to8 8.3 8 a 10 22

Cr 1.3 85 .38 2.4 1.1 ~ ~~ 9.9 3.5 a 102

0.6 
- 1.2 .61 1 a ~Q14 - 

5.4 1.1 x 1o22

0.6 64 .59 .8 5 a to’2 6.6 - 9 - a

2.5 .75 .65 4 a io18 5.4 6 a to26

1.5 - - .54 - .7 6 ~ to t2 5.9 4 a to20

2.5 80 .86 .95 2 a to23 5.6 1 a 10~~
1.5 .49 .9 i a iot2 5.6 6 a tO18

0.6 .6 1.35 5 a bO~~ 7.0 1 a 1019 -

* I oh -cm vsf .rs
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8 contains a list of the four important retention parameters, including

7re lax ~
Tb 

— 0), for devices studied in the course of Phase I of this program.

Trelax ranges from a low of 5.3 seconds to 8.5 x 1O9 years. This extreme

variation in charge retention is largely a function of oxide thickness. If

devices are compared in Table 8 which have the same dopant and concentration,

there are many examples where the device with the thicker oxide has the higher

retention.

Figure 34 illustrates the relationship between oxide thickness and

and t for chromium doped devices. It can be seen that they dependrelax R

strongly on oxide thickness.

THE EFFECT OF DOPANT CONCENTRATIO N

The decay of a written threshold voltage at some applied gate bias is at

first quite rapid (linear portion on the log time plot), but then, as it

approaches zero volts, the decay becomes much slower (nonlinear in log time).

It is the rapid , linear decay which was described above, and which is used to

estimate Tre lax and t

R

. The slope of this curve (Videc) increases slightly

as the dopant concentration increases. In addition, there is a slight in-

crease in the decay slope with the applied bias voltage. This is shown in

Table 10 in which the decay slope is shown as a function of Cr dopant con-

centration and bias voltage, for constant oxide and nitride thicknesses of

70 and 452 ~~~ , respectively. The increase in the decay slope is more rapid

with concentration for thicker oxide layers.

It can be seen from Table 8 that bR 
generally depends strongly on the

oxide thickness, increasing with thickness, for p-channel devices. There is

also a dependence on the concentration at any one oxide thickness. This is

even more clearly brought out in Table 11, where b
R 
is listed as a function

of Cr dopant concentration for 100 oxide and 452 R nitride devices. it is
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-H
H TABlE 10

VARIATION OF DECAY SLOPE WITH CONCENTRATION

OF DOPANT AT 70A OXIDE THICKNESS (P-CHANNEL)

Decay Slope Bias Voltage Dopant Concentration

O.75V/dec -l9V 3.3 x ~~~~~~~ cm
2

0.92 -19 5.9

1.07 —19 8.8

TABLE 11

VARIATION OF “ba” WITH DOPANT CONCENTRATION

AT 100A OXIDE THICKNESS (P-CHANNEL)

Dopant Concentration -l9V & -2lV -l9V & -25V —21V & -25V

1.8 x io15 cm 2 0,75 dec/V 0.64 dec/V 0.59 dec/V

5,9 0.53 0.54 0,55

8.8 0.22 0.11 0.27

~ L 80
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1

seen that between 1.8 and 5.9.10
15 cin 2, bR decreases only slowly, but it de-

creases rapidly as the concentration increases above 5.9.1015 cm 2
. it is

also seen in Table 11 that b
R 
is a slow function of the bias voltage applied

during the accelerated retention measurement, increasing with decreasing

bias. This means that the estimates made in Table 8 to obtain r (Vrelax b

0) and t
R 
are conservative.

The effect of dopant concentration on the decay slope and b
R 
of p-

channel devices is illustrated in Fig. 35. As the dopant concentration in-

creases, T 1~~ 
decreases for several oxide thicknesses and app lied voltages,

as a result of a decreasing b
R 
and increasing decay slope.

For n-channel meu~ ry devices, the dependence of the dopant concentration

On 
~~~~~ 

changed slopes. This can be seen by comparing Fig. 34 with Fig.

36 , which shows the/ effect ,of dopant concentration on 1•relax for n-channel

devices. it is seen that while increases with increasing chromium

concentration for p-channel devices , it decreases within increasing chromium

concentration for n-channel devices.

TEMPERATURE DE PENDEN CE

As pointe4 out above, one possible charge decay mechanism, namely con-

duction through the nitride , is strongly temperature dependent . However ,
0it was found here that within the temperature range studied, -196 C to

0250 C, back tunneling is the dominant mechanism.

Figure 37 contains several retention plots , each carried out at a

different temperature. The same applied bias was used in each case and all

devices were originally written at room temperature. It can be seen that

decay at each temperature occurs at virtually the same rate . The decay slope

is independent of temperature between room temperature and 200°C. Since

1•re lax is a function not only of the decay slope but also of bR~ 
another
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TRE LAX (V.,,) vs. DOPANT CONCENTRATIOW FOR
SEVERA L APPL I ED VOLTAG ES (!4pp)

0 — V~p~ V.fl V.,,A l4v~~ • • - 19v )
o 19v ~7OA OX v 21v ~ ioo~ Ox 

0 :~~ ~5Oa OX
* 1?v J x -25v J V ~.jy j

I I I I I
IO~ I O~ I0~ . 100 102 Io~TREL.AX (V,~ ), SECONDS

Figure 35 . rreL~~ 
(Vapp ) Vs. Dopant Concentration,

P-Channel Devices
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TREUX (V,~~) vs. DOPANT ~ONCENTRAT ION FOR
SEVERAL APPLIED VOLTAGES
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} ~oL •  ::~ 164 A
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Io~ io’~ id~ io~ 100 m2 

~~
TRELAX (V 0~~) 1 SECONDS

Figure 36. Trelax (V
app
) vs. Dopant Concentration,

N-Channel Devices
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RETENTION OF CHROMIUM DOPED VARACTORS
- 

AT FOUR TEMPERAT URES6

0
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Figure 37. Chromium Retention at Four Temperatures

for P-Channel Devices

84

- -~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-
~~~~ - —

~~~~~~w,--?-- --, -—-~~~---~~~~w - - -~~ -
~~~~~~~

—.
~~~

--- 
~~~~~~~

-
~~~~~~~~ —-—~~

- ----
~~
----

e

exper iment was carried out to determine how the separation between decay

curve s at different biases is affected by temperature . The results are shown

in Fig. 38. Retention measurenmnts we~e ~nade with three different bias

voltages at both room temperature and 250°C. As can be seen, thresho ld voltage

values for a particular bias cluster together for both temperatures. It is

thus conc luded that bR is also not strongly affected by temperature , at least

to a first order approx imation.

To furtber -test the temperature dependence, retention tests were made

at liquid nitrogen temperature . Figure 39 contains the results of -two re-

tention tests. In one test the bias voltage was applied at room temperature~.

In the second test , bias was applied at 77°K. This curve was co~rected . for’.

a voltage shift due to fast surface state generation (see below) . Even at-

77°I( therefore, charge decay does not occur at a signific’antly different rate

than at room temperature , indicating charge decay due to back tunneling only..

The retent ion of n-channel memory devices at higher temperatures paral-

• lels that of p-channel devices. This is illustrated in Figs . 40 , 41 aôd 42.

Figure 40 shows that ,when written at the same temperature, the decay of :the

memory is not strongly temperature dependent , indicating that back tunneling

is the important mechanism in stored charge decay for n-channel as well as p-

channel devices.

Writing at a higher temperature is normally followed by a positive

threshold surge at bias times less than one second , as seen in Figs . 40 and

41, but the decay behavior is similar at all temperatures. Even when the de-

vices are written at higher temperature, the threshold voltage decay with time

has the same bias voltage dependence as described above for room temperature .

This is illustrated in Fig. 42.
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R ETENTION OF PLATINUM DOP ED VARACTORS COMPA R ED
AT ROOM TEMPERATURE AND 250°C
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Figure 38. Platinum Retention at Room Temperature and 250°C

for P-Channel Devices
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In conclusion, the retention of metal doped MNOS devices is independent

of temperature between -196°C and 250°C, at least to a first order approxima-

tion, Writing at higher temperatures does not change the retention character-

istics.

TILE EFFECT OF HIGH POSITIVE APPLIED VOLTAGES

Most retention tests are made at room temperature and with applied biases

that are considered low when compared to the voltages used to write the de-

vices. To obtain a maximum decay rate, negative biases were used mostly for

retention tests. Howecrer, the effect of positive bias on d~árge decay was

also investigated for several dopants. The results for palladium doped var-

actors are shown in Fig. 43. Back tunneling of the electrons through the

oxide (negative bias) is still clearly the faster decay mechanism. However,

at +20 volts bias, the threshold also decays in a negative directiOn at room

temperature. This cannot be due to back tunneling, since positive- -bias should

yield a positive threshold shift. A positive shift would be expected if con-

duction through the nitride is taking place. However, that mechanism is

highly activated , and has not been observed (Figs. 37 and 38). The positive

shift is thus believed to be caused by the third threshold shift mechanism,

which is always characterized by the formation of large numbers of fast sur-

face states. As demonstrated in Fig. 43, measurements at room temperature

and 77°K show the generation of such surface states with time , as shown by

the divergence of the 77°K and R.T. decay curves at longer times. (See

Section VIII.) Indeed, after 100 seconds of applied bias, surface states

are increasing at a rapid rate.

Platinum doped varactors showed similar results. In Fig. 44, note again

that back tunneling is the fastest decay mechanism. At positive bias, more

and more surface states are generated with time. No surface state formation

occurs for comparable negative biases.

91

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



- ‘.54 ~~~~~ ~~~~~~~~~~~~~~ — -~~ - _ _ _ _ _ _ _ _

- - ~~i. —~~~~~~~~~~~ .—. 
_ 

- ~~~~~~~~~~~~~~~~~~~~~~~~~~ - _ lU~

RETENTION OF PALLADIUM DOPED VARACTORS
- 
N~ GENERATION AT HIGH POSITIVE APPLIED VOLTAGES

+20 VOLTS BIAS i
3 -20 VOLTS BIAS • a

+20v C
~t
:I.09xIO ’5cm2

2 - d04:85A
dN:372A

• 20v
I - BIAS APPLIED AT Ri

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 77’.K Ri

~ 1 N55

0 - 

BACK 

GENERATION

- - 
TUNNELING

• -t I I

0 I JO 102 IO~ IO~
DECAY TINE , SECONDS
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For n-channel devices , a high positive DC bias also leads to a lowering

of the threshold voltage . This is illustrated for a tungsten doped varactor

in Fig. 45 and a platinum doped varactor in Fig. 46. However, in contrast to

the p-channel behavior under high positive DC bias stress above, no ev idence

• was found that surface states are being generated in the time frame of the

investigation.

TUE EFFECT OF ENDURA.NCE CYCLING

The retention oi convent~.ona]. , undoped ~~OS devices is strongly reduced

by write/erase cycling. To determine the impact of endurance cycling on

interface doped devices, a retention test was made on a varactor before and

after cycling 1000 times. That . number was chosen because it approximated the

effective endurance of the device (see below). The results are shown in Fig.

47. There is a distinct difference between the retention curve made before

cycling and the one made after cycling. The latter is shifted by an almost

constant anm un t in the negetive direction. However , when the threshold

voltage measurement on the cyc led device was repeated at 77°K , it was found

that practically the entire negative shift was the result of surface state

°eneration. Thus it appears that charge decay is independent of write/erase

cycling to 1000 cycles , but the formation of surface states during cycling

causes the room temperature threshold voltage to be reduced. Fast surface

state generation in relation to write/erase cycling is discussed in a later

section.
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Figure 45. Tungsten Retent ion at High Positive Applied Bias
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SECTION VIII

FAST SURFACE STATE GENERATION

It was found in the course of this stud y tha t fast surface states could

be generated in interface doped devices by two methods: Prolonged application

of high pu:itive voltages (p-channel only) , and write/erase cycling. These

are now described .

SURFACE STA TE GENERATION UNDER PROLONGED BIAS

Up to a voltage on the gate of about 20 V , fast surface state generation

- • i8 generally negligible , except if the bias is applied for very long times

~~~
‘ 1000 sec). This is illustrated in Fig. 48, where the threshold voltage

• is plotted as a function of time with the applied biases shown. The measure-

ment of VT was carried out at room temperature and liquid nitrogen temper-

ature, but the bias was applied only at room temperature . It can be seen

that at least to 1000 sec , the room temperature and liquid nitrogen threshold

roughly coincide for each bias, except for +l9V, where they begin to diverge

from 100 sec on, indicating an increasing rate of surface state generation at

that bias. We use here the method of Brown and Gray3, which relates the

density of fast states to the f lat  band voltage shift between room and liquid

nitrogen temperature .

Devices on the same wafer were subjected to even higher bias, as shown

in Fig. 49. Here a definite divergence of the liquid nitrogen and room

temperature threshold voltages can be observed af ter about 30 sec , for

positive voltages above +20V , indicating the generation of a very large

number of fast surface states, rising to about iol3 cm 2 at 1000 sec . Note

that no surface states are generated at -20V.

3P .V. Gray and D. M. Brown , Applied Physics Letters, Vol. 7, 108 (1965).
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Figure 50 shows fast surface states generated at +25 in tungsten doped

va ractors .

SURFACE STATE GENERATION DUE TO WRITE/ERASE CYCLING

In write/erase cycling above 1000 cycles , severe distortion of the C-V

curve is observed , indicating a large number of surface states. The surface

state density of a chromium doped device is shown in Fig. 51 as a function

of write/erase cycling. It can be seen that the surface state density in-

creases sharply after 1000 cycles, increasing from 3’lO
11for the original

device before cycling to 11.2.10
12 af ter 5000 cycles , and it increases at

the same rate for both memory states.

In Fig. 52, the two memory states are plotted after they were measured

at room temperature and liquid nitrogen temperature, as a function of the

write/erase dose. It is observed that while the center voltage .as measured

at room temperature decreases with write/erase cycling, the center voltage

as measured at liquid nitrogen temperature increases. However, the memory

window is identical for the two temperatures up to at least 100 cycles. The

number of write/erase cycles required for significant deviation of the center

voltage and significant window closure coincides with the number of cycles

at which the surface state density begins to increase sharply.

In Fig. 52, it can be seen that the behavior of the _VT 
memory state is

quite different from that of the +V
T 
state. At room temperature the

state remains about constant at -lv as write/erase cycling proceeds to 16+

cycles. However, the same state renmasured at 77°K, shows increasingly more

positive values beyond 100 cycles. The corresponding band diagram showing

the introduction of surface states in the band gap is shown to the left in

Fig. 53

I
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The behavior is just reversed for the +VT 
memory state in Fig. 52.

Here the room temperature value drops sharply with cycling beyond 100 cycles,

while the 77°K value remains about constant at +7V. This situation requires

• a more complicated explanation than the behavior. An attempt is made in

the right half of Fig. 53. Here the surface states introduced in the band

gap are accompanied by another set of positively charged states, which is

perhaps similar in nature to “instability charge” postulated by others
4
.

Surface state generation cannot be observed in n-channel devices, either

- , under high positive DC bias or by write/erase cycling.. Figure 54 shows the

• memory window of a chromium doped n-channel varactor measured at room temper-

ature and 77°K as a function of write/erase cycling. In contrast to the p-

channel equivalent in Fig. 52, no divergence of the data points for those

two temperatures is observed , even for a high write/erase dose. The methoi

of Brown and Gray
3 therefore leads to the conclusion th~t surface states are

not generated in n-channel memory devices. Note, however, that this does

not improve endurance greatly over p-channel devices. (See Section IX.)

4See, for instance, S. M. Sze, Physics of Semiconductor Devices, Wiley—
Interscience , NY , 1969 , p. 444.
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SECTION IX

ENDURANCE

Excessive write/erase cycling can cause window closure , changes in the

center voltage, and an increase in the surface state density. Either of

these alone, or together, can cause the device to fail. Endurance is the

number of write/erase cycles which a device can withstand before it fails.

We define endurance here as either the number of cycles needed to make one

of the threshold voltages associated with the two memory states equal to the

center voltage of the original device before extensive cycling, or the number

of cycles at which the threshold window has narrowed to 1V, whichever occurs

first. This is illustrated in Fig. 55, which shows the two threshold voltages

with write/erase cycling for devices doped with platinum for two oxide thick-

nesses. It can be seen that, although total window closure may not occur

even at 10
6 cycles, the endurance is generally limited to values smaller

than this by the excursions of the center voltage. Similar results are

observed for n-channel devices. This is seen in Figs. 56 and 57, wh ich show

endurance cycling for chromium and iridium doped varactors, respectively.

DEPENDENCE OF ENDURANCE ON WINDOW BE ING CYCLED

The endurance of a device which was cycled at relatively low write volt-

ages or short write times, thus giving small windows, was generally not much

greater than the endurance for a similar device cycled at high write voltages

and timas to give large windows. This is illustrated in Fig. 58, in which

the window decay of two similar devices is shown for two different original

windows. The smaller window was cycled at ± 30.5V, 1 ma, and the larger one

at ± 35V , 1 ms. The endurance in both cases is seen to be of the order of

1000 cycles, although complete window closure occurs well beyond that.
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If a device which has been previously cycled to its endurance limit

using a low write voltage and a small window, is now cycled again but with a

higher voltage, the pre vious endurance cycling affects the new endurance

proportionally. Thus, if at first a lv window is cycled , and then a b y

window, the second endurance test is hardly affected by the f irst .  Con-

versely, if a device is cycled with small write voltage , but is then re-

writ ten once with a high write voltage , the endurance appears to be much

greater for the smaller windows being cycled . This is illustrated in Fig.

59 in which 4 similar (neighboring) devices were cycled using a 3.5V window

(± 30V, lms), 5.75 V window (j 30V, 10 ins), 8V (j 35V, Ins), and 8.25V (~35V,

10 ma) , respectively. The points in Fig. 43 were obtained by cycling to a

given number of cycles using the write voltages and times indicated, but

then rewriting at the end of this with a + 35V, 10 ma write pulse . The less

rapid decay of the window at lower write voltages indicates a smaller wear-

out effect. -

DE PENDENCE OF END URANCE ON OXIDE THICKNESS

The dependence of the endurance on the oxide thickness is quite small, and

the measured endurances of devices at the same dopant concentration are all

the sa~~ within about one half decade . This is illustrated in Fig. 60 , in

which the two memory states of varactors doped with chromium at C
cr 

= 1.83.10
15

cm
2 
are plotted as a function of write/erase cycling for six oxide thick-

nesses (nitride thickness = 452 A). It is seen that the endurance, using the

above definition, is from 1000 to about 10,000 cycles, although complete

window closure occurs only at about l0~ cycles. The oxide thickness dependence

of the endurance is also small for n-channel devices. This is illustrated in

Fig. 61 for a Pt doped varactor. No clear thickness dependence is evident,

except that the thinnest oxides generally display a slightly higher endurance.
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ENDURANCE FOR FOUR DIFFERENT CYCLED WINDOWS
— 

NICKEL DOPED VARACTORS
INIT IAL CYCLED WINDOW
0 3.5V

10- o 8.OV
A 5.8V

U, x 
~~~

— dN 5 468A

~~6 — Cm:O2i x I O ’5Cm~
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Figure 59. Endurance of Ni Doped Varactors for
Four Cycled Windows (P-Channel)
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Figure 60. Endurance of Cr Doped Varactors for Various
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Oxide Thicknesses (P~Channel) -
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Figure 61. Endurance of Pt Doped N-Channel Varactors

for Various Oxide Thicknesses
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DEPENDENCE OF ENDURANCE ON DOPANT CONCENTRATION

The dependence on dopant concentration is somewhat more complicated ,

although even here the dependence is not strong. This dependency is illus-

trated in Fig. 62 for chromium doped p-channel varactors which have an oxide

thickness of ll3A and a dopant concentration range of 1.8 to 7.7 10
15 cm 2

.

The endurance levels are the same within about I order of magnitude . However ,

it can be seen that there is an optimum concentration at 3.3.10
15 

cm
2 
at

which the endurance appears to be a maxinnun. Thi s. ma~ximum is accentuated by

plotting the center voltage as a function of dopant concentration after an

increasing number of write/erase cycles in Fig. 63. It should be noted that

at this concentration very favorable write cftaracter~stics -Mid retention are

also observed. - 
- 

- .-:

Figure 64 shows the endurance of the memory window with write/erase

cycling in a Pt doped n-channel device for two different dopant concentra-

tions, but the same oxiae thickness. Here also the concentration of 3.6x

~~~~ cm~~ displays a higher endurance than the lower value of 0.8.10
15 

cm
2
.

TEMPERATURE DEPENDENCE OF ENDURANCE CYCLING

In conventional MNOS devices, the endurance is smaller if the device is

write/erase cycled at higher temperatures5. In contrast, it was found that

the endurance of interface doped MNOS devices is not strongly temperature de-

pendent. This is illustrated in Fig. 65 where the two memory states are

plotted as a function of write/erase cycling for various temperatures between

room temperature and 200°C. While the threshold voltage decay with cycling

is not identical for each temperature, it can be seen that there is no clear

temperature dependence of the endurance in the range of theqe experiments.

5C. A. Neugebauer and J. F. Burgess, Journal of Applied Physics, Vol. 47,
1976, p. 3182.
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ENDURANCE OF Cr DOPED VARACTORS FOR

8 - 
SEVERAL DOPANT CONCENTRATIONS
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~~~~ ~ ~I5~~-2

t h u
I 10 102 1o~ 106
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Figure 62. Endurance of Cr Doped P-Channel Varactors
for Several Dopant Concentrations
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ENDURANCE OF DEVICES DOPED BY SPUTTERING

Figure 66 illustrates the endurance of a chromium doped device where

the dopant was deposited by sputtering. It is apparent that the behavior

• closely parallels that of evaporation-doped devices.

COMPARISON OF ENDURANCE FOR VARIOUS DOPANTS

Table 12 shows the endurance for varactors and transistors for the six

most promising dopants, at various oxide thicknesses, dopant concentrations,

and windows cycled, for p-channel devices. Table 13 shows the endurance for

S 
comparable n-channel varactors with Pt, Ir, and Cr dopants and 64 and

80A oxide thicknesses. It can be seen that the endurance values are not

greatly different from each other, and vary from 1O3 to lOs. P—channel de-

vices appear to possess about an order of magnitude higher endurance than

n-channel devices, on the average. However, for most EAROM applications, the

endurance appears adequate.
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Figure 66. Endurance of Cr Sputter-Doped Varactors
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TABLE 12

ENDURANCE PARAMETE RS FOR P-CHANNEL DEVICES
Dopant ~~~~~~~ 

d d Window Pulse Effec tive closure
Dev*ce x l0~~ cm 2 ox N ~~~~~~~~~~ dim ens ion, endurance (..t.)

- - R ~ v

Cr—i var 2.95 134 452 3.05 ±35V , 100 a s 6 x 102 7 x

2.95 53 • 3.17 • 7.5 a 10~ 2.5 a 10~
-
- 

•
- ~Cr— 1 var 8.6 53 • 5.7 - 2.5 a IO~ 1.5 a

Cr—i var 8.6 134 • 3.0 • 8 a i0~ 1.5 a iø4

- 1.83 53 - 4.55 *33V , 1 ma 1.7 a 1O4 9 a 10~
- 70 • 3.75 - 1.7 a IO~ 1.5 a 1S0~- - 85 - 3.65 3.1 a 1O 3 S a 10~

- 100 • 4 . 3 5  - 1.8 a tO 3 2 a 10~- 113 — 4.0 - 1.6 a 1O 3 8 a 10~- 134 - 4. 15 - ~5 a 10~ 1.5 a 10~
7.7 113 • 3.7 ±32V , 1 ma 2 a iø 2 2.5 a

- 6.2 • 3.9 - s.o a io 2 6 a IO~
• 4 .9  — 3.9 • 8.0 x 7 a 10~- 3.3 - . 3 .4  • 4 . 3  a 1O~ 6 a 10~
- 1.8 4.35 • 1.4 a 10~ 2 x io6
- 1.85 - 0.7 ±30.5V , 1 ma 101 1 * 10~- 1.85 — 5.5 ±35V . 1 ma 1.4 a 1O 3 3 a 10~

Cr—2 var 0.77 61 372 5.5 t3OV , I ma 3.0 a 10~~ 2 a 10~
0.77 134 372 4.9 ±30V . 1 ma 6.6 a io2’ 1.6 a 1O 3

Cr—7 trans 1.95 53 468 9.2 •30V , 1 ma 6.4 x io2 1.5 a
- 1.95 53 468 10.8 t35V , 1 ma 2 a 101 3 a io2

tCr— 14 in trans 2.47 35 263 3.85 ±25V , 400 ns 4 x 10~ 1.6 a 1O~
1-Cr— 14 out trans 5.2 43 263 3.6 ±20V , 10 ia 2 a ~~~ i a to 6

1-Cr—iS out trans 1.1 57 263 1.34 ±25V , 500 ns 1.6 x io 2 2 a 10~

Ft—i  var 2.3 70 452 8.5 ±35V , 100 as 1.3 a ~~~ 9 x 1O~
2.3 134 • 3 . 4  • 3.0 a ~~~ 1 a 1S0~
0.51 70 8.7 • 6.0 a 6 a 10~

- 0.51 134 • 3.2 3.6 a 2.5 x

0.51 70 • 3.1. *2ev , 100 *scc 1.0 a 4 a
- 0.51 70 • 5.3 ±25V , 10 ma 1.1 a 10~ 8 a 10~
- 0.53. 70 • 2.8 *35v , 1.75 us 1.6 a io 2 4 a 10~
- 0.51 70 6.8 t35V , 10 iii 5.2 x 10~~ 6 a

1-Pt—il trans 1.12 85 372 2 .3 u25V . 100 as 1.5 x 6 a 10~
0.27 85 • 4.6 *25V , 1. me 4 a 101 2.0 a

w—17 var 1.65 59 469 5.45 u35V , 100 uaec 2.1 a 102 8 a io 2

0.06 59 • 4 .5  • 8.0 a ~~~ 2.3 a

W—39 var 0.55 63 450 1.2 ±35V , 1 ma ~~~~ 8 a 1O 4

2.5 63 • 2.0 t35V , 1 ma ‘1.4 a —

W— 44 in var 1.08 68 439 10.2 *35V . 1 ma — 1.1 a 10~
100 • 7.6 — 5 a 1 0 3

W —44 out var • 69 • 9.1 — 2 a 1O 4

• 100 • 5.0 - — 3.2 a 10~

- 
‘ 

W— 45 in var 2.9 68 9.2 • 4 .0  a 10~ 4 a 10~
W—45 Out var 6$ • 7.1 — ~ a

• 100 • 4 . 2  — 3.5 a 10~
W— 4~ in var 2 . 8  68 • 6 .35  ±3 5V . 1 ma 6 , 0 a 10~ 1.4 a 106

-
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TABLE 12 Conc luded
- 

- Window
Dopant COlIC. - Window Pulse Effective closure

Device * io~~ ,~~-2 d01, ~~ ~~~~~~~ dim .naioná en4urance . (c at.>

~

- a W— 44 in var 1.08 68 439 8.4 ±35V , 1 ma 4.O.x io 2 2 *

W—47 trans 1.79 84 280 5.6 ±25V , 1 ma 1.0 * 1O 3 2 .3 * ISO~

tW—47 var 1.79 84 280 4.3 • 2.0 * tO 3 1.6 a lO~
14—48 var 1.94 58 320 5.5 ±30v• 15k, 1.1 x L0~ 

- 8.4 •
Ir— 2 var 0.081 53 468 6.5 ±35V , 1 m> 3.2 a 1O3 5.S~ a IO~

• 0.081 80 
- -, 

- 5.8 ±32.5V . 1 ma 1.3 a 10~
’ 2 *

• 0.081 85 -- 6.6 ±35V , 1 ma 1.1 a 1O 3 3.6 a

1.09 80 • 6.6 t30V , 1. ma >10~ 7 x 1O~
- 

S Ni— 4 var 1.22 53 468 4.9 ±30V , 1 mc ‘2.0 a 10~
’ 6 a to 6

— 0.27 85 ‘ 6.9 - >1.0 * 10~~ l x  10~

I
~~ - 1.22 53 - 7.15 ±35v , 1 mm 3.5 a iO~ 1.6 a 1O4

• 
- - 4.0 ±30V , 1 ma 6.0 * io

6* 5 a to 6

• ‘ 7 . 0~ ±30V , 10 mm 1.0 x 1.O~ - 1.1-a tO 5

- 1.22 - - 9.2 t35V , 10 mm 1.5 a 1O~ 1 a

• 0.27 85 ‘~ 3.5 ±30V , 3. mm - - — 7 a 1 0~
• - 

S 
- 8.0 ±35V , 1 ma 1.61 x

- - - 5.8 ±30V , 10 ma 
— 

2•5:X 1O 4

• - - 8.3 ±35V , 10 mc — 5 * 10~

Ni-tO var 0.39 58 320 6.2 ±30~’. 10 ~s 3.1 a 2.3 a LU3 -

Pt—16 var 0.12 58 320 5.2 ±30V. 10 ,.s 2.1 x io2 48 x >0
2

P11—3 tr  0.86 85 372 - 4~7 ±25v.1001i, 3.6 a 102 - 2 :~
1.38 85 372 5~2 ±25 *. l .a. 2.2 *10

1 7 
-5
:” IO~

Cr-4 tr 0.81 85 372 3.0 ±25*, 1 ma 1.6 a io2 4 a to2

3.9 5.2 ±25*, 1 mm — 6 a 101-- 3.9 ‘ “ 3.95 ±~5V . 100 ~s s.i x io2 1.7 a

Pt-4 var 0.17 65 564 4.9 ±35V , I ma . 4 . 5 ’ x  IO~ 4.5 • L0~
1.55 “ -, 4.5 ‘ ‘ 6.6 x 10~ 

, 1.0 x L0~
2 76 ‘ ‘ 4.3 “ “ 3.8 • 1O3 - 6.0 • 1O3

14—38 var 1.01 65* —590 5.7 “ 7.6 • io
2 2.5. IO3

lr-7 var 0.15 58 320 5.5 ±30~’. eas 5.6 x 102 1.8 x lo~

+These devices could qualify as fast write devices.

Theae devices were Cycled with pulsea of different dimension from those used to ~aarite s

the threshold voltages we actually measured . In all cases , pulaa of 35V , 1-ms was

used to write the actually observed window . 
-

NOTE : -
Effective endurance of a device is defined as that number of write—erase cycles that

S 
a devic, can accoimsodate before one of the threahold voltages intersects the original
center voltage.
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SECTION X S

- TOTAL DOSE IONIZING RADIATION EFFECTS IN -

INTERFACED DOPED MNOS TRANSISTORS S

INTRODUCTION 
- - -

S

In this section the behavior of interface doped memory transistors under

total dose ionizing radiation is described. Includea is a comparison to

undoped devices, effect of various dopants, interface dopant concentration

dependence, gate bias effects, oxide thtckneès effects, ability to re—write

and memory retention after irradiation. Also described is the radiation

behavior of stable gate interface doped transistors at various gate biases,

dopants, and doping levels. Both p- and n-channel nemory ’transistors we re

tested, while the results on stable gate transistors are reported for p-

channel devices only.

Preliminary eva luation of 16 p-channe l ~aterface doped Zf~OS devices

was carried out in the on-site electron accelerator facility. Ionizing radi-

- - ation was provided by a 1.5 ~~V electron beam produced in a high voltage

electron accelerator of the resonant transformer type. The beam is on inter-

mittantly at a rate of 180 Hz and a 107. duty cycle. Calibration was in terms

of rad s (Si) using a standard 15 millicurie Co6° source and thermoluminescent

CaF2:MnO radiation dosimeters obtained from Harshaw Chemical, in conjunction 
- 

-

with Rarshaw model 2000A and B thermoluminescence detectors. The average

dose rate delivered by the beam can be varied between l0~ and io8 reds (Si) I
sec. The total dose level las increased by increasing the time of exposure.

Exposure to the beam took place with the package lids removed Five volts

was the magnitude of drain bias voltages in these and subsequent tests,

Both stable gate and memory p-channel transistors were irradiated to a

maxiuiim total dose of 2xl07 rads (Si). Stable gate devices were tested under
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bias. Positive and negative memory states of Pt, Pd , W, Cr, and Ir doped

transistors were exposed. Results from these experiments dictated the appro-

priate radiation and bias levels to be used during large scale device testing.

- - It was observed that

• For stable gate devices, significant threshold voltage shift would

not occur before a total dose exposure to 1O
3 rads (Si).

• Irradiation of stable gate devices under +1OV or -IOV bias accelerated

threshold shift markedly, though at different rates.

• Even under zero bias, stable gate threshold shifts surpassed lOV at

a total rad iation dose of lO~ rads (Si).

• Positive memory states are most sensitive to radiation effects.

• Significant memory threshold decay occurs after a total dose of l0~

rads (Si) and measures over 8V at l0~ rads (Si).

Final radiation testing was carried out in the Co6° radiation facility

at the Cambridge Air Force Research Laboratories (CRL). A total of approx-

imately 150 transistors were exposed to eight different radiation levels up

to 3.10
6 rads (Si). Both stable and memory gates were exposed for p-channel,

and memory devices only for n-channel. Dopants investigated were Pt, Pd, W,

Ni, Cr , and Ir. Dopant concentrations and gate oxide thickness were varied.

Undoped devices were included for comparison. Bias voltages during exposure

were 0, ± 5, and ± b y . Thermoluminescent CaF2:MnO 
radiation dosimeters

were also exposed for calibration. Appendix A contains a comparison of

radiation levels recorded by these crystals and those used to calibrate the

electron beam source. Results from the CO6° ganmia radiation testing and the

preliminary high energy electron beam experiments indicate that, under the

test conditions used in both cases , W~OS device stability is independent of

the source.
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IRRADIATION OF STABLE GATE P-CHANNEL TRANSISTORS

The p-channel stable gate devices used in these experiments differ from

• the memory devices only in that the oxide film was over 500R thick, rather

than less than bOOR. The dopant and the nitride are still present. Chromium

and iridium doped and undoped devices were tested. Dopant concentrations

were varied and a number of gate biases were applied , namely, ±IOV, ±5V and

OV. The gate material is aluminum and dopant concentrations ranged between
14 16 —210 and lO cm

Comparison with undoped devices 
-

S 

The presence of chromium interface dopant in stable transistors does

affect the irradiation hardness. Figure 67 shows the threshold voltage decay

curves of an undoped device and chromium and iridium doped devices. In terms

of absolute threshold voltage shift, at zero bias the chromium doped device

is the most resistant. The iridium doped and undoped devices behave very

similarly. In all three cases, threshold shifts o~ lV or more do not occur

until a total dose radiation level of l0~ rads (Si) is reached .

Dopant concentration dependence

While experiment indicates that the presence of a metal dopant at the

interface can affect device stability, threshold decay was found to be largely

independent of dopant concentration within the range studied. This can be

seen in Fig. 68 in which the decay curves of four chromium doped transistors

are shown. The dopant concentrations vary from 1.9 to 6.3 x 10
15 

cm 2. When

the radiation level at which the threshold has shifted 5V was plotted in Fig.

69 as a function of chromium dopant concentration, it appears that, as the

chromium concentration increases, the device hardness increases slightly.

Figure 70 contains the decay curves of iridium doped devices at three

different dopant concentration levels. These curves, bike those in Fig. 69,
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INTERFACE DOPED p-MNOS STABLE GATE THRESHOLD VOLTAGE VS TOTAL
DOSE, COMPARING DIFFERENT DOPANTS AT 0 V BIAS
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Figure 67. Stable Gate P-Channe l Threshold Voltage vs. Total Dose

Radiation, Doped Dev ices Compared to Undoped Device
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Figure 68. Stable Gate P-Channel Threshold Voltage vs. Total Dose

Radiation, Comparing Effects of Different Cr

Concentrations
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Figure 69. Threshold Shift During Irradiation as a

Function of Cr Concentration
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do not suggest more than a second order dependence of radiation hardness on

metal dopant concentration.

Even when doped devices are irradiated under a gate bias, the threshold

voltage decay remains independent of dopant concentration. Figures 71, 72

and 73 each show the decay curves of two chromium doped devices with differ-

ent doping levels. The biases applied in each case are +IOV, OV and -b y,

respectively.

Dependence on gate bias

Figures 74 to 77 illustrate the threshold voltage decay with total dose

for ±~ and ±lOV gate bias voltages during 
irradiation. The decay becomes

more rapid as the gate bias increases. Also, positive bias causes faster

decay than negative bias , as is continuously observed for any lb S  device.

Howeve r, in all cases chromium doped devices are harder than other dopants

by about one order of magnitude.

Bias effects

Bias effects are further illustrated in Figs. 78 and 79 for chromium

and iridium doped devices, respectively. It is apparent that, for both

dopants, devices with no bias are most radiation resistant and devices with

positive applied bias are least resistant. Curiously, at -bOy applied gate

bias, some devices exhibit an “upturn” as shown by the data points in Fig.

80. This effect was not observed for other gate biases.

Figures 81 and 82 are plots of device gain vs. total dose radiation for

chromium and iridium doped transistors with similar dimensions. En the

former, the devices were irradiated with gates biased at +lOV. In the latter,

no gate bias was applied. Application of worst case bias has caused the

gain of both devices in Fig. 81 to degrade two orders of magnitude after 106

rads (Si) while similar devices irradiated under zero bias experienced gain

shifts of less than one order of magnitude.
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Figure 71. Stable Gate P-Channel Threshold Vobta3e vs. Total

Dose Radiation, Effects of +bOV Gate Bias on
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Figure 72. Stable Gate P-Channel Threshold Voltage vs. Total

Dose Radiation , Effects of OV Gate Bias on

Two Cr Concentrations
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Figure 75. 5V Gate Bias Applied to Cr and Ir Doped Stable

Gate P-Channel Transistors During Irradiation
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Figure 76. - 1OV Gate Bias Applied to Cr and Ir Doped Stable

Gate P-Channel Transistors During Irradiation
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IRR ADIATION OF ME~~ RY TRANSIS TORS

S Ionizing radiation can have drastic effects on the properties of MNOS

memory devices. First , the memory window may shrink or close entirely.

Second , the position of the center voltage may change . Third, gate shorts

may appear. Fourth, the retention may decrease , and fifth, the device may be

only partially revritable .

Previous work at this Laboratory on conventional, undoped, thin oxide

(20A) MNOS memory devices has indicated that exposure levels less than l0~

rad s (Si) did not result in appreciable changes in the memory ‘window ; however,

the center voltage begins to change above 10~ rads (Si). Gate shorts appeared

at levels above 10
8 rads. Retention was not affected by radiation up to lO~

rads (Si), for these devices. 
-

In the present experiments, both p-channel and n-channel aluminum gate

interface doped memory transistors were tested. The oxide thickness of most

devices was ssX . Some 57~ oxide devices were included for comparison. The

dopants were chrouziuni, platinum, iridium, tungsten, nickel and palladium,

the six most promising dopants. The doping levels fall between 10
14 

and iol5

cm
2. The nitride thickness was 37O~ in most cases. Positive and negative

memory states were written into these devices several days in advance of ir-

radiation. This was possible because of the high retention properties of

these devices. Gate biases of +lOV , ± 5V and OV were applied during irradia-

t ion.

Comparison with undoped devices -

Figure 83 shows the decay with increasing total dose of high and low

threshold states for an undoped MNOS memory transistor under zero bias. It

should be noted at this point that an undoped MNOS device with 85~ oxide
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thickness is not generally useful because of its inability to eject the

negative charge stored at the oxide-nitride interface which is associated

with the high threshold voltage. This device was, therefore , tested only to

S 
ascertain the effect of doping the interface on the total dose behavior.

The high threshold was achieved through normal writing procedures. However,

since it isn’t possible to eject stored charge from the interface of an un-

doped device , an utmiritten threshold state was irradiated to simulate the

negatively written state .

For the undoped devices, the more positive thresholds show initial

signs of decay be tween l0~ and l0~ rad s (Si) - very much like the interface

doped stab le gate devices . The more negative threshold state begins to decay

at a much higher radiation leve l , namely, ten times greater than in the more

positive state and its total -shift at 3x10
6 rads (Si) is only 30’!. of the

positive threshold shift.

Similar results are observed at zero bias for iridium, tungsten,

platinum, palladium, nickel and chromium doped p-channel and platinum doped

n-channel devices as shown in Figs. 84 through 90. In all cases, the memory

window begins to shrink after a total dose of lO~ to l0~ rads (Si). The

shrinkage is due primarily to the decay of the positive threshold which is

also responsible for a change in the center voltage of the memory windows

that is dependent on the total dose.

Since it is the positive threshold decay which almost entirely determines

the radiation resistance of a device, the effect of using different dopants

can be demonstrated in Fig. 91 where the decay curves of positive thresholds

for several dopants are compared .

When absolute thre shold shif ts are measured, no dopant provides a sig-

nificantly higher hardness level over the others.
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Figure 84. Ir Doped P-Channel Memory Window vs. Total Dose

Radiation, Zero Gate Bias
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Figure 87. Pd Doped P-Channel Memory Window vs. Total Dose

Radiation, Zero Gate Bias
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Figure 88. Ni Doped P-Channel Memory Window vs. Total Dose

Radiation, Zero Gate Bias
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Dopant concentration dependence

Figures 92k and 92B show the memory window vs total dose behavior for

two Pt doped memory transistors which differed only in the dopant concentra-

tion level. It is seen that the doping level has essentially - no effect on

total dose hardness. This strongly suggests that the radiation behavior of

memory transistors is not a function of interface doping concentration.

Gate bias effects

Just as the p-channel stable gate devices described above, p-channel and

n-channel memory transistors are “hardest” when irradiated with no bias ap-

plied to the gate. Positive bias caused the more positive thresholds to

decay more rapidly, as can be seen when Figs . 91 and 93 are compared . The

latter shows the positive threshold decay of devices with a variety of do-

pants which were irrad iated with a lOV gate bias. Similar curves are pre-

sented in Figs. 94k and B and 95 for gate biases of 5V and -5V, respectively.

Worst case bias is again 1OV and any applied bias causes an acceleration of

threshold decay.

The effect of gate bias on the radiation response of transistors doped

with different metals is shown more clearly in Figs. 96 through 100. Figure

100 highlights the extraordinary sensitivity of platinum doped n-channel

positive thresholds to positive bias. While p-channel devices, even under

worst case bias, +lOV, are stable at least to a total accumulated dose of

3xl03 rads (Si), the n—channel devices tested show already a quite large

threshold shift at 3x10
3 
rads (Si).

Oxide thickness effects

A limited number of chromium doped thin oxide devices were included in

the radiation experiments. The radiation response of typical high and low

thresholds among these devices are compared in Fig. 101 with the response of
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thick oxide devices. The two memory vindovs are virtually identical, even

with increasing bevels of radiation. This suggests that there is little ra—

diation response dependence on the thickness of the gate oxide over the

range of optinumi oxide thicknesses.

- : Ability to rewrite after irradiation

It has been confirmed that for all dopants tested, except tungsten,

interface doped devices are fully revriteable even after a total dose of 3x

106 rads (Si) . Data on tungsten doped devices are inconclusive .

Memory retention .ifter irradiation - -
-

S After being exposed to a total radiation dose of 3x106 rada (Si) with a

gate bias of 5V, a platinum doped p-MNOS transistor was rewritten and acceler-

ated retention tests were conducted as described in- Section VII.-~ The re-

sultant retintion curves are shown in Fig. 102. Retention was 5x10
8 seconds

for an initial threshold voltage of 2.8V., This value is in line with pre-

radiation figures for devices with similar dopant concentrations, oxide

thicknesses, and initial threshold voltages. 
-

CONCLUS IONS

In general , total dose radiation behavior is not greatly different from

that of ordinary undoped MNOS devices. For zero or negative gate bias , a
5hard ness level of about 10 rads (Si) may be expected , while for positive

gate biases it is generally below 1O4 rads (Si). N-channel memory transistors

appear to be less radiation hard than p-channel memory transistors under

positive gate bias. On the other hand, for stable gate devices, Cr doping

appears to increase total dose hardness by about one order of magnitude. In

all cases, the threshold voltage becomes more negative with increasing dose.

The threshold voltage decay with radiation is always faster for the more

positive threshold state than the more negative state.
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SECTION XI

PROCESS YIELD ASSESSMENT - -

P-CHAN NE L YIELD

During the f irst  phase of the MNOS contract period , onl~’ aluminum

gate p-channel varactors and transistors were fabricated. All effort was

directed toward optimizing the processing sequence, particularly the inter—

face doping step, so as to produce acceptable devices. At the end of that

phase , certain dopants, dopant concentrations and gate oxide thicknesses were

identified as “optimum”. The p-channel process could then be implemented to -

produce optimum memory devices with a very high yield . Wafers processed- to

give memory varactors - only exhibited yields of 907. or more-. When discrete p-

channe l memory transistors were fabricated , a similar high yield was ichieved

over the range of optimum parameters. However, the yield dropped to- -zero

when attempts were made to fabricate both stable gate and memory transistors

(as opposed to memory varactors) on the same wafer. Acceptable stable gate

transistors and memory varactors were fabricated on the same wafer but memory

transistors on the same wafer, while behaving like stable - gate transistors,

could not be written. This was in spite of the fact that memory varactors -

could simultaneously be made on the same wafer and exhibited memory charactér-

istics. The reason is not understood, but must be related to step 7 in the

process. ‘ -

N-CHANNEL YIELD - • 
-

Since the interface doped memory device tends to store “excess ”

electrons rather than ho les, the memory window - is predominantly positive. -

Consequently, the n-channel device, which ha~ the memory window in the non-- -

conducting (positive) gate potential region, is more desirab le from ~—ircuit

considerations. - . - —
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considerations.

A new fabrication sequence was designed by which n-channel polysilicon

gate stable gate transistors and aluminum gate memory transistors could be

processed on the same wafer. While experiments were conducted on polysilicon

gate fabrication techniques, n-channel memory varactor wafers were processed.

Using these wafers , n-channel memory characteristics like write speed, re-

tention, saturation window and endurance were examined and found to be, in

all essential respects, very similar to those of p-channel memory varactors.

These wafers also exhibited very high yield percentages (on the order of

807,) for “optimum” fabrication parameters. This is illustrated in Figs.

103, 104, and 105, in wh ich yields are shown for various dopants, dopant

concentrations, and oxide thicknesses , for n-channel memory varactors.

Discrete , n-channel memory transistors were next fabricated and their

yields were measured . To check for parameter spread s within a particular

wafer , Pt-doped and Cr-doped n-channel wafers were examined . The parameters

measured in this test were the original (before any writing) threshold volt-

age , the threshold voltage after writing with a +25V, 100 p.s pulse, and the

threshold voltage after writing with a -25V, 100 p.s pulse. This test was

applied to the same transistor in every chip location in each wafer. The

source-drain voltage was 5V , and the threshold voltage was taken as the gate

voltage to give a 1 ma current. These test results are shown in the form of

wafer maps in Figs. 106 and 107 for Cr and Pt doped MNOS wafers, respectively.

The doping concentration varied in a wedge profile across the wafer

between the values of .007 to l.9x1015 Cm 2 for Cr and .03 and O.8x10
15 cm 2

for Pt. There was litt le discernable dependence of the test data on doping

concentration in the range used, as was anticipated from previous experience

with p-channel transistors and n-channel varactors. However, the boundary
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between dopant and no-dopant regions was very clearly visible, since the

-vi, pulse would not write in undoped devices. This is responsible f o r  the

small mamory window in the section below the dotted line in Figs. 106 and

107.

If the yield of chips is estimated from the standpoint of paran~ ter di.—

tributions, fairly good yields can be predicted. We have assuu~d here that

individual chips are outside an acceptable paran~ ter distribution if the

original threshold voltage is outside the range from 1 to 3 V, or if the

more positive memory threshold voltage is smaller than 7V, or if the more

negative memory threshold voltage is larger than 3V. Chips containing tran-

sistors outside this range are x-ed out in Figs. 106 and 107 and must be

counted as bad chips. The remaining chips would be acceptable, at least from

the point of view of parameter spread, for memory operation. According to

this criterion, the yield of good chips was 267. for the Cr-doped wafer in

Fig. 106 and 827. for the Pt-doped wafer in Fig. 107. The reason for rejection

in most cases was too small a memory window. For each wafer, oxide and

nitride thicknesses were 842 and 2852, respectively.

Next, wafers were fabricated with only polysilicon stable gate transis-

tors. The procedure is covered in Section III under “Fabrication of N—

Channe l Devices”. Stable gate oxides are 10002 and the polysilicon thicknesses

is 80002. The results of a yield survey performed on a four-wafer run in

which poiy gate transistors only were fabricated are listed below. One

transistor from over 107. of the chips on each wafer was measured. Each

transistor had to meet the minimum criteria that its threshold voltage fall

between zero and 2V and a leakage current of less than 5 iA. Shorts through

through the gate oxide were not a co~~on reason for rejection. More fre-

quently, lack of contact with the gate, due to inconçlete etching, was the
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suspected cause of rejection. Yie lds are shown in Table 14.

Table 14

RESULTS OF YIElD SURVEY OF POLYSILICON STABLE GATE N-CHANNE L TRANSISTOR

WAFERS

Wafe r Yield

AE-28-4A 447.

-4B 967.

-4C 237.

-4D 807.

Thus the results of yield surveys on wafer runs in which memory tran-

sistors only or polysilicon stable gate transistors only were fabricated,

were highly encouraging. It remained to produce both types of transistors

on the same wafer. The total process would require close to 80 distinguish-

able steps • 
- many more than would be required to produce each type of tran-

sistor alone. Seven wafer runs (a total of 28 wafers) were produced in an

effort to make stable gate and memory transistors on the same wafers. In no

instance, however, was it possible to produce memory transistors which ex-

hibited memory characteristics when processed on the same wafer with poly-

silicon stable gate transistors. The memory transistors did display good

characteristic curves with positive threshold voltages, but no memory window

could be written, i.e., they behaved like stable gate transistors. Para-

doxically, memory varactors fabricated on the same wafers exhibited normal

memory behavior and were completely writab le.

Table 15 contains pertinent process parameters for a run of wafers con-

taining both stable gate and memory transistors as well as memory varactors.

Table 16 contains the results of a yield survey for this run. Some of the

memory transistors are partially or fully protected by a 5002 protective
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Th.BLE I5

IMPO1~rANT PROCESS PARAMETERS FOR WAFER WiN #9

Wafer d0 dsi N Dopant Concentration Rangex

AE28-9A 802 ‘-‘ 3002 Pd 0 to 3.3 x io15 cm 2

15
-9B “ “ Pt 0 to 2.4 x 10

-9C “ “ Pt 0 to 2.4 x 1015

-9D “ “ Pd 0 to 3.3 x 1015

*

: 
Th.BLE 16

DEVICE YIELDS FOR WAFER RUN #9

Wafer Device Yield~~7.

9k stable Si gate 6

fully protected Al-gate (stable gate) 79

partially protected Al-gate (stable gate) 87

varactors 0.

memory transistors 0

9B stable Si-gate 87

fully protected Al-gate 80

partially protected Al-gate 84

varactors 87

memory transistors 0

9C stable Si—gate 67

fully protected Al-gate 56

partially protected Al-gate 59

varactora 65

memory transistors 0
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TABLE 16 (Cont’d.)

Wafer Device Yie ld 7.

• 9D stable Si-gate 88

fully protected Al—gate 99

partially protected Al-gate 94

varactors 0

oxide. While these transistors do not display memory characteristics, their

threshold voltages,VT, leakage currents , ‘L’ and the slope of the drain

current vs. gate voltage curves were (related to measured . The follow-

ing criteria were used to determine the “chip yield” in each wafer:

• Memory window @ ± 30V, 1 ma: W > 4V

• Polysilicon gate transistor: 0 5 VT ~ 2V
5~ iA

Al-gate memory transistors: 0 <VT (original) <4V

‘L 55 ~~
(no memory characteristics)

Figure 108A contains the information obtained from stable gate devices

on wafer -9A . Each small box represents one chip location on the wafer.

The topmost number is the threshold voltage . The second number is the slope

of the I~ vs. VG curve , given in A/V which is proportional to the gain. The

last number is the device leakage current at VG 0, VD = IOV . Figure lO8B

gives the same information for fully protected memory devices and Fig. 108C

for the partially protected transistors. The varactor memory windows are

presented in Fig. 1080. The same data for the other three wafers are sim-

ilarly given in Figs. 109k through D, ILOA through D, and 111k through D,

respectively. •
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CONCWSIOtIS

Individual device yields often approaching 1OO7~ were achieved using the
P polystlicon stable gate-aii.~~ n~~ momory gate n-channel process for the fol-

lowing devices:

• Stable gate transistors, when processed alone.

• Unprotected momory transistors , when processed alone .

• Memory vara ctors, when processed alone .

• Stable gate transistors, when processed jointly on the sa~~ wafer

with wry transistors.

• Memory varactors, when processed Jointly on the s~~e wafer with stable

gate transistors. However, it was iiiipossible to obtain any yield

of aory transistors when they were processed jointly on the sane

wafe r with stable gate tra nsistors.
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SECTION XII

CONCLUSIONS

An i~~ortant figure of mon t established for )1~OS performance is the

retention x endurance product, with dimensions of sec ,x cycles. It was found

for conventional )?IOS devices that the retention x endurance product is of the

order of iot6. If this criterion is applied to the interface doped devices

fabricated in this program , it is found that this product is frequently exceeded

by many orders of magnitude. This is shown in Table 17 for the six most

promising dopants , which are Cr , Pt , W , Ir, Ni, and Pd. It should be noted,

however, that this high retention x endurance product is entirely due to the

long retention of these devices, rather than their endurance, which was of the

order of 1000 cycles for all devices, as discussed above.

The surprising feature displayed by interface doped MNOS devices is that

they can show a very high write speed and long retention at the same time .

These “optimum” devices are listed in Table 18, which gives the write speed

(30 V intersection) as well as the retention obtained. It should be noted

that write speeds well below 1 j,s can be obtained. This speed can be traded

for a smaller write voltage applied for a longer period.

The principal conclusions are as follows:

(1) The six most promising dopants are: Pt, W, Cr, Ni, Pd, Ir.

(2) The stored charge is principally negative . A one-transistor cell

is, therefore, couçatible with n-channel circuitry.

(3) Interface doped MNOS devices differ from undoped ones principally

in their ability to eject stored negative charge.

(4) Thinner oxide , thinner nitride, and high dopant concentration give

a faster device . Write times as short as 2 nsec are possible .
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DEVICES WITh THE 6 MOST PROMISING DOPANTS

P-CHA NNEL

DOPA~T DOPANT CONC. d d ExR

x 1015 CM ’2 CYCLE-SEC

Cr 2.95 134 452 3.29 x 1022

— “ 53 1.05 x 10

8.6 53 “ 4.8 x IO~
134 8.55 x io

18

Cr 0.77 61 372 2.4 x 1019

134 5.12 x b ’7

Cr 5.2 43 263 7.7 x

Cr 1.1 57 263 8.0 x io
23

Cr 0.81 85 372 8.0 x io2O

3.9 “ “ 5.4 x 1017

3.9 “ 1.53 x 1019

Pt 1.12 85 372 7.8 x 1025

0.27 “ “ 1.2 x 1o24

Pt 0.12 58 320 1.15 x io
15

V 0.55 63 450 8.0 - x io
22

V 1.08 68 439 3.3 x

V 2.8 68 4.4 x 10
24

W 1.79 84 280 5.06 x b ”6

V 1.94 58 320 6.55 x ,o18

In 0.08 53 468 2.2 , io12

80 2.0 x io23

In 1.09 80 4.2 x iol2

In 0.15 58 320 2.16 x io17

Ni 1.22 53 468 1.26 x 1016

85 “ 3.4 x iO13

0.27 85 “ I ,~ i0
24

Pd 0.86 85 372 1.6 x 1025

1.58 85 “ 7.7 x io25
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TABLE 17 (Cont ’d.)

N-QIANNEL

DOPANT DOPANT CONC. d0,~ ExR
CYCj.E-SEC

In 1.1. 80 350 to
29

25
0.3 80 350 2.4 x. 10 -

0.3 64 350 3.2 x

Pt 0.8 64 “ 4.8 x 1Q~~

-J 2.7 85 II - 3 x~ 10~~

-
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TABLE 18

OPTIMUM DEVICES

P-CHANNEL -

Dopant Conc. d d Window Write Speed 7’ tox N r R

15 —2
*10 cm_ 

— — _ _ _ _  _ _ _ _ _ _ _  
sec sec

Cr 1.1 57A 263A 6.4v 0.4 ~s s.o~io10 4.0*10
18

Cr 5.4 50 263 5.4 0.35 1,0x107 4.6x101°

Pt 0.27 85 372 5.4 2.5 1.7x1&’3 6.0x10~
’9

Pt 0.27 85 372 9.2 0.25 2.2x10
14 

I.3x1021’

Pt 0.12 58 320 4.4 0.15 3.0*10
6 2.4x10’2

V 1.94 58 320 7.7 
- 

0.002 4.8x10
8 7,8x1&’3

W 1.8 84 260 9.5 0.6 l.7x107 2.2x1O~
’2

Pd 1.58 85 3 2  4.3 0.065 4.Oxl&’
3 

1.1x1022

Ni 0.56 58 320 6,1 0,02 5..8x10
8 1.2x1O~

’5

Cr 1.59 85 372 6.4 3.2 3.5x10~
’0 9.0*1015

N- CHANNEL

Pt 0.8 64 350 9.6 2 6xl0~
’1 8xl017

2.7 85 9.2 1 8x104 2.lxlO9

Cr 1.7 64 “ 6.1 40 6xl0~
2 

4*10
20

In 0.3 64 “ 3.4 80 8x106 4x1015
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(5) Surface state generation occurs at gate voltages of> +20V if- - ~-

applied for more than several seconds, but not for gate voltagaa

< -&OV.

(6) Interface doped )*~0S devices have much higher retention than undoped

MNOS devices of equivalent write speed . - -

(7) Even the retention of fast write (<1 ~i~s) devices can be very tong

(l0~ to 1017 a) .

(8) Thick oxide , thick nitride, and a low dopant concentration favor

higher retention.

(9) Retention is controlled by back-tunneling between 77°K and 300°C.

(10) Write/erase cycling does not affect retention.

(11) The effective endurance of interface doped MNOS devices is 1O3

write/erase cycles.

(12) Write/erase cycling beyond l0~ cycles is accompanied by the rapid

formation of surface states for p-channel devices, but no increase in

the surface state density is observed in n-channel devices.

(13) We cannot trade retention for endurance.

(14) Device yields of 80% or better were achievable using the polysilicon

stable gate-aluminum memory gate process for the following devices:

stable gate transistors, unprotected memory transistors, memory var-

— actors, when processed alone; also stable gate transistors when processed

jointly on the same wafer with memory transistors, and memory varactors

- I when processed Jointly on the same wafer with stable gate transistors.

(15) Memory transistors could not be processed jointly on the same wafer

with stable gate transistors.

(16) The hardness toward total dose ionizing radiation of stable gate inter-

f ace doped )t~0S p- or n-channel transistors is t0~ rads (Si) for 0 or

•

~~~
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-b y gate bias, and ~~~ to b0~ reds (Si) for + lOV gate bias. Cr doping

increase s the hardness lOx.

(17) Memory transistors, when exposed to ionizing radiation , experience

window closure at io6 reds, at zero gate bias. They can be -fully re-

- 
I written after exposure.
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APPEND IX

CORRELATION OF ELECTRON BEAM AND CO60 RADIATION RESULTS

• Close agreement was observed between the effects of high energy electron

beam and Co60 gaum~a irrad iation of both stab le gate and memory transistors.

To obtain evidence supporting this empirical observation, CaF2:1b thermo-’

luminescent dosimeters (TLD), obtained from the Harshaw Chemica l Company,

— 
we re used to calibrate the 1.5 NoV electron beam source. Similar dosimetens

were then irrad iated during the course of the Co6° device testing at C~L.

Results of the two were then compared. -

CALIBRATION OF ELECTRON ACCELERATOR 
- -

Prior to the preliminary device testing in the on-site electron acceler-

ator facility, over ten TLD’s were exposed for varying lengths of time at a

nu~~er of distances from an on-site Co
6° source whose initial activity was

measured at 15 uK. Given an exposure time and a distance from a Co6° source

of known strength, the dose received by the dosimeter can be accurately corn-

puted arid related in units of rads (Si). The known doses received by the
— 

TLD ’a were then directly related to the crystal lattice damage suffered

during exposure .

Crystal lattice damage is proportional to the amount of energy absorbed

by the sample (via electron ejection and entrapment). To measure this energy,

the crystals were heated in the Harshaw 2000k Thermoluminescence Detector.

The light given off was monitored by a photonultiplier and the current it

produced was integrated to yield charge. It is this measured charge which

is directly related to the dose. A given charge implies a certain dose in

reds (Si).
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• These TW’ s were then annaaled and exposed to the electron gun emissions.

The charge “acquired’ was measured and translated into rads (Si). In Fig.

• 1. , the change measured is plotted as a function of dose for the electron

accelerator (the curve marked “Electron Beam”).

CR1 ~~60 SOURCE

Thermoluminescent crystals identical to the ones used earlier were in-

cluded in a number of exposures dur ing the course of the transistor testing

at CR1. From measurements of their thermoluminescence made after exposure,

the second curve (labeled Co
60) was made. Notice that, despite the disparate

strengths of the calibration Co
6
~ source and the CR1. Co60 source, the curves

agree to within a factor of three.

‘I
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~~ CHARGE ACCUMULATION
- IN CaF2 : MnO: THERMOLUMINESCENT DOSIMETERS

Io~ 
OURIPIG CO~AND ELECTRON BEAM IRRADIATION AS

A FUNCTION OF TOTAL DOSE RADIATION

- - 
C) -E BEAM

10 I t I I  I I u i  I I I I I

io3 io4 io5 o6
TOTAL DOSE , RADS (Si)

Figure 1,12. Charge Accumulation in CaF2 :1*iO Thermoluminescent Dosimeters

During CO
6O and Electron Beam Irradiation as a Function of

Total Dose Radiation
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